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DEVICE AND METHOD FOR MANIPIILATING DIRECTION OF 
MOTION OF CURRENT CARRIERS 

FIELD OF THE INVENTION 

This invention relates to a nanoscopic device and a method for 
manipulating the direction of motion of current carrying particles, and may be 
useful for polarizing, filtrang, switching, guiding, storing, spin detecting and 
5 focusing the particles, as well as for signal splitting and wide-angle sparging of 
current carriers. 
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BACKGROUND OF THE INVENTION 

Spin manipulation is used in spintronics, or spin electronics, which term 
refers to the technology that ofiFers opportunities for a new generation of devices 
that e5q)loit electron spin information, rather than charge. Spins, being the 
attribute of mobile electrons, can cany the information along tiie conductive line. 
In turn, the information can be read afterwards. 

Spin orientation of conduction electrons survives for a relatively long time 
(e.g., nanoseconds). This feature makes spintronic devices particularly attractive 
for memory storage, magnetic sensor appUcations, and eventually for quantum 
information processing and quantum computation where electron spin would 
represent a bit (usually referred to as a "qubit") of information [1-4]. 

Spintronic devices are already in use in industry as a read head and a 
memory-storage cell. For example, the read head is the giant-magnetoresistive 
(GMR) sandwich structure that includes alternating ferromagnetic and 
nonmagnetic metal layers [4]. Depending on the relative orientation of the 
magnetization in the magnetic layers, the device resistance changes from small 
(parallel magnetizations) to large (antiparallel magnetizations). This change in 
resistance is used to sense changes in magnetic fields. Another example of the 
spintronic application is related to tunneling magneto resistance (TMR) and 
magnetic tunnel junction (MTJ) devices where the tunneling current depends on 
spin orientations of the electrodes. A typical MTJ device includes two magnetic 
layers separated by an insulating metal-oxide layer. Electrons can 'tunnel" 
through from one layer to the other, only when magnetizations of the layers point 
in the same direction, otherwise, the resistance is high. 

One of the approaches of the current efforts in designing and 
manufacturing spintronic. devices involves developing new materials and 
structures that exhibit a high level of spin polarization of spin carriers. Most 
efforts in this approach are currently concentrated on ferromagnetic 
sOTiiconductors and combinations of semiconductors and ferromagnetic metals 
[4-6]. The cCTtral idea of liie prior art techniques is to polarize electrons using 
ferromagnetic semiconductors, or one of the novel composite magnetic structures. 
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with the subsequent injection of the polarized electrons into a semiconductor 
de\dce for further applications [1-6], 

It is possible, in principle, to create a spin-polarized current ia a non- 
ferromagnetic material by creating a spin-polarized electron current in a 
ferromagnetic material and causing the current to flow from the ferromagnetic 
material into an adjacent non-ferromagnetic material by way of an interface. 
Spin-polarized electron transport has been achieved in this manner for example, 
from ferromagnetic metals into normal metals [7] and from magnetic 
semiconductors into non-magnetic semiconductors (see [8], [9]). 

The difficulties of the technology of the injection of the spin polarized 
electrons into a semiconductor system have a general character. The spin injection 
from a ferromagnetic metal into a semiconductor structure is strongly suppressed 
[10]. One of the suggestions of how to overcome these diflBiculties is described in 
[5]. A method and apparatus which create a spin filter at an interface between a 
semiconductor and a ferromagnetic material has been suggested. The spin filter 
can be used to provide a current of spin-polarized charge carriers in the 
semiconductor. The spintronic device comprises a crystalline first semiconductor; 
and a crystalline ferromagnetic material in atomic registration with the first 
semiconductor at an interface. The semiconductor and ferromagnetic material 
were chosen so that transmission of current carriers in a first spin state from the 
ferromagnetic material into the first semiconductor is quantum mechanically 
forbidden, while the transmission of current carriers in a second spin state from 
the ferromagnetic material mto the first semiconductor is qxiantum mechanically 
pOTnitted. 

GENERAL DESCRIPTION OF THE INVENTION 

There is a need in the art for, and it. would be usefiil to have, a novel 
technique enabling various types of manipulation of a direction, of motion of 
current-carrying particles (electrons and/or holes), such as spin-dependent 
manipulating (iucluding splitting the current of spin-unpolarized current carrymg 
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particles into fluxes of particles of different spin polarizations propagating in 
different directions, and redirection of the current of spin-polarized current 
carries), or splitting the current into multiple directions (which may or may not 
involve spin polarization of the current carriers). 

The current carrying particles, including electrons and/or holes, are termed 
in the description below as "current carriers". The directional motion of such 
carriers is tenned "currenf or *'flux". The term '*spm carriers" is used herein 
below when spin manipulations of q>in carrying current carriers are described. As 
indicated above, spin manipulation is used in spintronics, or spin electronics, 
which term refers to the technology that offers opportunities for a new generation 
of devices that exploit electron spin information, rather than charge. 

It would be Eidvantageous to have a device and method of manipulation of 
the current carriers that would exploit materials that are common for the 
semiconductor industry. In the case when the current is manipulated using the 
spin of the current carries, it would be advantageous to provide a novel way to 
generate and manipulate a spin-polarized current by tising known semiconductor 
materials that are traditional for the mass-production semiconductor industry. 

It should be noted that the term "semiconductor industry" actually refers 
. to the industry of integrated devices (utilizing lithography-based techniques) and 
also nano-technology based devices. 

The device of the present invention utilizes a structure containing a two- 
dimensional gas of current carriers (electron gas). The term "two-dimensional 
gas" utiUzed herein signifies the gas of current carriers (which are also spin 
carriers), confined to a three dimensional domain having an extension in two 
dimensions substantially greater than in the third dimension. Usually, the motion 
of the current carriers in the third direction is quantized by a potential well 
confining the gas of the current carriers. It should be noted that such potential 
wells are sometimes referred to in the art as quantian wells. 

The structure configured aiccording to the present invention contains a 
two-dimensional gas of current carriers having at least one region of 
inhomogeneity characterized by at least one substantially varying parameter from 
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the followiog parameters: spin-orbit coupling constant, density of the current 
carriers (provided the spin-orbit coiq)ling constant has a non-zero value) and 
mobility of the gas (detennined by the concentration of scattCTing centers, such as 
impurities). 

5 It should be understood that in this description any variation of the 

parameters of the gas and the structure in a direction parallel to the plane of the 
two-dimensional gas is termed *nateral variation**. Li particular, this pertains to 
lateral variation of the parameters of the two-dimensional gas and to lateral 
variation of the shape of the potential well. 
10 It should be understood, that the spin-orbit interaction is a necessary 

componeut when the manipulation of current exploits the spin of the current 
carries. Generally, in the presence of spin-orbit interaction a region of 
inhomogeneity can produce spin-dependent redirection (deflection) of the 
trajectory of spin carriers incident onto said region of inhomogeneity. 
15 Thus, according to one aspect of the invention, the invention provides for 

spin manipulation of the direction of motion of spin carriers. The device, 
according to this aspect of the invention, utilizes a stiiicture containing a two- 
dimensional gas of current carriers (electiron/hole gas) with a substantial spin- 
orbit interaction, the gas having at least one region of inhomogeneity 
20 characterized by at least one substantially varying parameter selected from spin- 
orbit couphng constant and density of the spin carrios. The stiiictiire is 
configured to provide a desired orientation between an input current (flux) of the 
spin carriers and tiie region of inhomogeneity. The device (termed "spintronic 
device") is thereby operable to perform spin manipulations of the input current to 
25 proj^dde at least one of the following types of deviation of the spin carriers: spin 
dependent refraction, spin dependent reflection and spin dependent dif&action on 
desired deviation angles of a direction of motion of the spin carriers being 
incident on the region of inhomogeneity, 

According to one embodiment, the structure is configured to create the 
30 region of inhomogeneity of the gas in the form of a tiansition region (zone) 
between two regions of the gas having difEisrent values of the spin-orbit coiq)hng 
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constant and/or the density of the spin carriers. The region of inhomogeneity in 
this case presents a lateral interfece (with laterally varying parameters) between 
the two gas regions. Such a lateral interface may for example be of a curved 
geometry. 

5 According to another embodiment, the structure is configured to create the 

region of inhomogeneity in the form of an elongated stripe which has a reduced 
or enhanced spin-orbit coupling constant and/or the density of the spin carriers as 
compared to the surroundings of the stripe in tiae gas. The stripe may be of curved 
geometry, for example in the form of an arc or closed-loop stripe. The 

10 configuration may be such that an input flux of spin carrier is directed to pass 
across the stripe or along the stripe. 

According to yet another embodiment, the structure is configured to define 
the region of inhomogeneity formed by a lens-like geometry region of the gas 
having reduced or rahanced spin-orbit coupling constant and/or the density of the 

15 spin carriers as compared to thatyiiose of the gas surroundings of this lens-like 
region of the gas. 

According to still another embodimait of this aspect of the invention, the 
structure is configured to define in the gas with spin-orbit interaction regions of 
inhomogeneity arranged in a spin zjone partem. It should be understood that in tiie 

20 spin zone pattern the regions of inhomogeneity of the two-dimensional gas with 
the spin-orbit interaction can have vanishing density of the current carriers (these 
regions can for example be barriers) making the two-dimensional gas with the 
spin-orbit interaction to be a multiply connected domain. 

According to another aspect of the invention, the invention provides for 

25 spreading the current carriers in an angular range of directions of propagation, 
obtained due to a diEfiase emission effect. The structure, according to this aspect 
of the mvention, is configured to create the region of inhomogeneity m the form 
of a lateral interface between first and second regions differing from each other in 
the gas mobility such that the first region is diffusive and the second region is 

30 ballistic. The structure thus provides for emitting the current carriers from the 
diffusive region into the ballistic region with a wide angular range of directions of 
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propagation of llie currait carriers in the ballistic region. This allows for directing 
the ciirrent carriers at desired range of angles of propagation in the ballistic 
region. 

According to some embodiments of the second aspect of the invention, 
5 such a structure may for example be configured to provide in the ballistic region 
different density of current carriers as compared to the difEusive region and/or 
enhanced or reduced spin-orbit coupling constant. 

The device of the present invention thus provides for manipulating a 
direction of motion of the current carriers, injected in one region, to obtain a 
10 desired change in the direction of the carriers' motion in other region(s). 

Thus, according to one broad aspect of the present invention, there is 
provided a device for manipulating a direction of motion of current carriers, the 
device comprising a structure containing a two-dimensional gas of the current 
carriers configured to define at least one region of inhomogeneity characterized 
15 by a substantially varying value of at least one parameter selected firom a spin- 
orbit coupUng constant, density of the spin carryiag current carriers, and a 
mobiUty of the gas, the device having one of tiie following configurations : 

(i) said structure is configured to provide the two-dimensional gas 
configuration wilh a desired orientation between an input flux of the spin carrying 

20 current carriers and said at least one region of inhomogeneity, which has the 
varymg spin-orbit coupling constant and/or has the varying density of the spin 
carrying current carriers provided the spin-orbit coupling constant is of non-zero 
value, the device being thereby operable to perform spin manipulations of the 
input flux to provide at least one of tiie following types of deviation of said spin 

25 carrying current carriers: spin dependent refiaction, spin dependent reflection and 
spin dependent diffraction on desired deviation angles of a direction of motion of 
the spin carrying current carriers being incident on said at least one region of 
inhomogeneity; and 

(ii) said structure is configured to create the region of inhomogeneity in the 
30 form of a lateral interfece between first and second regions differing from each 

other at least in the gas mobiUty such that the first region is difRisive and the 
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second region is ballistic, the device being thereby operable for emitting the 
current carriers from the diffusive region into the ballistic region with a wide 
angular range of directions of propagation of the current carriers in the ballistic 
region, thereby enabling directing the current carriers to one or more desired 
range of angles of propagation in the ballistic region. 

The inhomogeneous two-dimensional gas may be confined by a non- 
uniform potential well (one ore more). For example, the non-uniform potential 
well can be created m a laterally varying semiconductor structure. An example of 
the non-uniform potential well includes, but is not limited to, a potential well 
being asymmetric at least in one portion of the potential well. In particular, in one 
of the part of the semiconductor structure the potential well can be a symmetrical 
potential well, while in another portion it can be an asymmetrical potential well. 
Alternatively, the semiconductor structure at least in one part can have a potential 
weU with the depth being different from the depth in the other part(s) of the 
structure. 

Another example of the non-imiform potential well can be a potential well 
in a laterally varying semiconductor structure fabricated from a uniaxial crystal 
compound with no inversion symmetry in at least one part of the structure. In this 
case, the laterally varying semiconductor structure provides a different density of 
spin carriers (and/or different magnitude of the spin-orbit coupling constant) at 
least in one region of the inhomogeneous two-dimensional gas of spm carriers. 

In the following, a term ^'varying spin-orbit density" or "variation of 
spin-orbU density" will be used to refer to either the variation of spin-orbit 
.coupling constant, or variation of density of the spin carriers, provided the spin- 
orbit coupling constant has a non-zero value, or to refer to both of these 
situations. Examples of such a region of mhomogeneity with the varying spin- 
orbit density include but are not limited to: a lateral interface between two regions 
of the gas with different spin-orbit densities; and a region of the gas of relatively 
reduced or relatively enhanced spin-orbit density as compared to the gas 
surroundings of this region. 
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It should be understood that the regions of inhomogeneity of the gas can 
be of a desired size and can form a desired pattern. Moreover, the regions of 
inhomogeneity can have a required spatial orientation and profiles of the density 
and spin-orbit coiq)ling constant. 

The potential well may be created in a semiconductor heterostructure. 
Examples of the semiconductor structure suitable to be used for manipulation of 
spin carriers' motion include, but are not limited to, semiconductor 
heterostructures fabricated from group m - group V and group H - groiq) VI 
compounds. Examples of the semiconductor multilayer heterostractures 
fabricated from group m - group V compounds include, but are not limited to 
InxGai.xAs/InyAli.yAs, InxGai.xAs/InP, InAs/AlSb, InxAli.xAs/InyGa,.yAs/ In^Ali. 
^As, etc., wherein x, y and z are in the range of 0.1 to 1. In turn, examples of the 
semiconductor heterostructures febricafced from group n - group VI compounds 
include, but are not limited to CdTe/HgTe/CdTe, HgxCdi.xTe etc., wherein x is 
in the range of about 0.1 to 1. As for the structure appropriate for defining a 
configuration of difitisive-ballistic regions in the two-dimensional gas, 
semiconductor heterostructures febricated from Si, Ge, group IV - group IV, as 
well as group m - group V and group H - group VI compounds can be used. 

The device can comprise one or more gates, i.e., a conducting layer of any 
appropriate shape and size and aEEecting the inhomogeneous two-dimensional gas 
of the spin carriers. For example, a bias voltage can be appUed to the gate that 
should be sufficient to affect the gas of the spin carriers in the regions of the gas 
near the gate. Thus, the varymg of the spin-orbit density (i.e., changing of the 
magnitude of the spin-orbit coupling constant and/or density of the spin carriers) 
can be achieved by a controllable altering of the bias voltage. 

The device can have teraainals distant from each other. Each terminal is 
defined by a space between two nearest barriers arranged in the inhomogeneous 
two-dimensional gas, so as to allow a current passage between the terminals. 

The inhomogeneous two-dimensional gas of the spin carriers may for 
example be obtained by fabrication of a laterally varying semiconductor structure 
by means of Icnown per se Uthography, etching, deposition and/or unplantation 
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techniques. According to another example, the inhomogeneous two-dimensional 
gas of the spin carriers can be obtained by applyiag a bias voltage to a gate 
electrode (one or more). The bias voltage affects the gas in the region near the 
gate creating a variation of the spin-orbit density, thereby making the two- 
dimensional gas of the spin carriers inhomogeneous. The techniques suitable to 
locally alter electron gas mobility include, but are not limited to, electron beam 
irradiation, ion beam irradiation and implantation, local shallow etching (by wet 
etching, plasma etching or focused ion beam etching), local deposition or any 
combination thereof Likewise, the barriers can be formed in the gas by the gates, 
and/or by using Uthography, etching, deposition, implantation, or any other 
suitable technique. 

It should be understood, that when required, a combination of the above 
techniques can be appUed for creating the inhomogeneous two-dimensional gas 

of the spin carriers. 

In the present invention the device can be configured in several 
embodiments to provide various types of manipulation of the direction of motion 
of the currant carriers. 

One of the temiinals may be an injector terminal providing a current of 
unpolarized spin carriers for spin polarizing, and at least one other terminal is a 
collector terminal configured for receiving a current of spin-polarized spin 
carriers. The device can thus be used as a spin filter for producing a spin current 
of spin carriers having a predetermined spin polarization. It should be understood 
that the term "spin polarization" used herein refers to the current carrier state 
with certain chirality. It should be understood that the spin carriers received by a 
collector terminal can be used for subsequent spin manipulations. 

The device may include one or more terminals and a charge sensor 
associated with the coUecting terminal(s). The terminal(s) are configured for 
receiving a current of spin carriers having predetermined spin polarization. The 
device can thus be operable as a spin detector for detecting a spin polarization of 
the spin carriers. 
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The region of inhomogeneity of the gas can be conjagured for spin 
focusing of the spin carriers. The spin focusing can be realized by arranging the 
region of inhomogeneity in a concave/convex shape. Another option for spin 
focusing is creating a spin zone device by arranging regions of inhomogeneity in 
5 a spin zone pattern. It should be understood that in the spin zone pattern the 
regions of mhomogeneity of the two-dimensional gas with the spin-orbit 
interaction can have vanishing density of the current carriers (these regions can 
for example be barriers) making the two-dimensional gas with the spin-orbit 
interaction to be a multiply connected domain. The spin zone device e3q)loits the 
1 0 spin dependent diffraction of spin carriers on a spin zone pattem. 

The regions of inhomogeneity of the gas can be configured for guiding the 
spin current of spin polarized spin carriers along this region owing to the total 
internal reflection of the spin carriers. The device can thus be used as a spin-guide 
configured for conveying the spin current to a predetermined place in the two- 
15 dimensional gas, thus to operate as a spin guide. 

Furthermore, the spin-guide can be configured in the shape of a closed 
loop (e.g., ring) having an entrance and at least one. exit, thereby to provide a 
spin-storage device of the spin carriers. By applying an appropriate voltage to the 
gate, and thereby opening the exit, one can get a pulse of the spin polarized 
20 current carriers electrons. 

The device can comprise a gate affecting the gas of the spin carriers and 
configured for varying the spin-orbit density in the corresponding region of the 
two-dimensional gas of spin carriers. Thus, the altering of the bias voltage applied 
to the gate can switch the deviation angle of the spin carriers between different 
25 predetermined ranges of angles. This spintronic device can be used as a spin- 
switch device and/or transistor. 

It should be noted that the time needed for switching the current in the 
above-described switch device can advantageously be made very short, thereby 
making the device extremely fast 
30 The device of the present invention configured to have the diffusive and 

ballistic regions can be operable as a wide-range-angle sparger. Such a sparger 
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can be used as an element for constructing a signal splitter for replicating an input 
signal. Moreover, the difiuse emission effect used in the device provides for 
directing current carriers in a predetermined range of angles, which can be used 
for spin filtration (in this case the ballistic region differs from the difiusive region 
5 at least in the spin-orbit density). TTie device includes one or more collector 
teraiinal configured to receive one or more carriers' fluxes, respectively, emitted 
to desired range of directions, or configured to receive current carriers with 
predetermined spin polarization(s). 

According to another broad aspect of the present invention, &ere is 
10 provided a method for spin manipulation of a current of spin carrying current 
carriers, the method comprising: providing an input flux of the spin carrying 
current carriers in a two-dimensional gas of the spin carriers configured to define 
at least one region of inhomogeneity which is characterized by a substantially 
varying spin-orbit coupling constant or characterized by a substantially varying 
15 density of the carriers provided the spin-orbit coupling constant is of non-zero 
value; and providing a desired orientation between the input flux of the carriers 
and said at least one region of inhomogeneity; the method thereby providing at 
least one of the following types of deviation of the carriers: spin dependent 
reflection, spin dependent reflection and spin dependent diffraction on desired 
20 deviation angles of a direction of motion of the carriers being incident on said at 
least one region of inhomogeneity of the gas. 

The desired oriaotation is such that the current of the spin carries contains 
spins carriers that impinges on the region of inhomogeneity at a certain range of 
non-zero angles of incidence. 
25 According to one embodiment of the invention, the manipulation of the 

current of spin carriers includes a spin polarizing of the current, thereby providing 
a flux of spin-polarized spin carriers. According to another embodiment of the 
invention, the manipulation of the current of spin carriers includes filtering the 
cuireht of spin carriers, thereby providing a flux of spin carriers having a 
30 predeteimined spm polarization in which all spins have mostly the same 
orientation. 
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It should be understood, that when required, a combination of the 
foregoing techniques can be applied for creating the inhomogeneous two- 
dimensional gas of the spin carriers. 

It should be fiirther understood that the regions of inhomogeneity of the 
gas can be of a desired size and can form a desired pattem. Moreover, the regions 
of inhomogeneity can have a required spatial orientation and profiles of the 
density and ^in-orbit coupling constant. 

It should be noted that the method of manipulation of current of spin 
carriers of the present invention utilizes the effect of spin splitting of the energy 
spectrum of spin carriers which exists in the presence of the spin-orbit interaction. 
According to one example, the spin-orbit interaction can exist when the potaitial 
well, confining the two-dimensional gas of spin carriers, is asymmetric in the 
direction perpendicular to the plane of the gas (the structure inversion asymmetry, 
i.e., the Rashba mechanism). Accordmg to another example, the spin-orbit 
interaction can exist when at least one part of the semiconductor structure hosting 
the inhomogeneous two-dimensional gas of spin carriers is fabricated firom a 
uniaxial crystal compound with no inversion symmetry (bulk inversion 
asymmetry, i.e., tide Dresselhaus mechanism). 

For instance, the spin-orbit interaction can be observed in narrow-gap 
semiconductors. It should be noted that the technique of the present invention 
advantageously utilize the conventional semiconductor materials for the 
manipulation of a direction of motion of the spin carrying current carriers while 
not needing any magnetic means (e.g., magnetic materials). 

The direction of motion of the deviated spin carriers as well as their spin 
polarization can be controlled by changing, inter alia, a spin-orbit density, and/or 
the angle at which the spin carriers are incident on the region of inhomogeneity of 
the gas. 

For example, the changing of the magnitude of the spin-orbit coupling 
constant and/or density of the spin carriers can be achieved by a controllable 
altering of the bias voltage applied to the gate(s) arranged near the two- 
dimensional gas of spin carriers. The magnitude of the bias voltage should be 
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sufficient to create a variation of the spin-orbit density. It should be understood 
that the same gate(s) may be used for both the creation of Ihe inhomogeneous 
two-dimensional gas of the spin carriers and for controlling the spin 
manipulation, or these can be different gate(s). Hence, the spin dependent 
5 deviation of angle of motion can be controlled by the magnitude of the bias 
voltage applied to the gate. 

Thus, according to an embodiment of the invention, the manipulation of the 
current of spin carriers includes a controllable switching of the deviation angles 
of a direction of motion of the spin carriers between different predetermined 
10 ranges of angles. As indicated above, the time needed for switching the current 
can be made extremely short 

According to yet another embodiment of the mvention the manipulation of 
the current of the spin carriers includes a spin-guiding of the current of polarized 
spin carriers owing to the total internal reflection of the spin carriers for 
15 conveymg the spin current to a predetermined place in the two-dimensional gas of 
the spin carriers. 

According to still another embodiment of the invention, the manipulation 
of the current of the spin carriers includes spin focusing the spin carriers. The spin 
focusing can be realized by arranging an area of inhomogeneity having eitho: 

20 concave or convex shape (pattern). Likewise, the spin focusing can be provided 
by creating a spin zone device (analogous to the zone plate lens used in optics). 

According to yet another broad aspect of the invention, there is provided a 
method for manipulation of a direction of motion of current carriers to provide for 
signal splitting, the method comprising: operating a structure, containing a two- 

25 dimensional gas of said carriers and configured to define first and second adjacent 
regions one being diffusive and the other being ballistic, aUowing for emitting the 
current carriers fi-om the diffusive region into the baUistic region with a wide 
angular range of directions of propagation of the current carriers in the ballistic 
region; and collecting the current carriers propagating in the ballistic region 

30 within one or more desired range of angles of propagation. 



wo 2005/065037 



-15- 



PCT/IL2005/000026 



According to yet another broad aspects of the invention, there are provided 
methods of fabrication of a spintronic device for spin manipulation of a current of 
spin carrying current carriers. 

One of these methods comprises: febricating a structure containing a two- 
5 dimensional gas of spin carrying current carriers configured to defme at least one 
region of inhomogeneily, v*ich is characterized by a substantially varying 
magnitude of a spin-orbit coupling constant or is characterized by a substantially 
varying density of the spin carrying current carriers provided the spin-orbit 
coupling constant is of non-zero value, and to define a desired orientation 
10 between an input flux of the spin carrying current carriers in the gas and said at 
least one region of inhomogeneity of the gas; thereby enabling spin manipulations 
of said flux of the spin carrying current carriers to provide at least one of the 
following types of deviation of said spin carrying current carriers: spin dependent 
refraction, spin dependent reflection and spin dependent diffraction on desired 
15 deviation angles of a direction of motion of the spin carrying current carriers 
being incident on said at least one region of inhomogeneily of the gas. 

Another method comprises: providing a structure containing a two- 
dimensional gas of spin carrying current carriers; arranging at least one gate 
configured for allowing application of a bias voltage thereto sufficient to affect 
20 the two-dimensional gas of the spin carrying current carriers in a region near the 
gate to thereby enable creation of at least one region of inhomogeneity of the gas 
which is characterized by a substantially varying magnitude of a spin-orbit 
coupling constant or is characterized by a substantially varying density of the spm 
carrying current carriers provided the spin-orbit coupling constant is of non-zero 
25 value, and enable to define a desired oriaitation between an input flux of the spin 
carrying current carriers in the gas and said at least one region of inhomogeneity 
of the gas, to thereby provide at least one of the following types of deviation of 
the spitt carrying current carriers: spin dependent refraction, spin dependent 
reflection and spin dependent difl&action on desired deviation angles of a 
30 direction of motion of the spio carrying current carriers being incident on said at 
least one region of inhomogeneity of the gas. 
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According to yet another broad aspect of the invention, there is provided a 
method of fabrication of a device for manipulation of a direction of motion of 
current carriers operable as a signal splitter, the method comprising providing a 
structure containing a two-dimensional gas of current carriers and configured to 

5 define at least one region of inhomogeneity in the form of a lateral interface 
between first and second regions of the structure differing firom each other at least 
in a mobility of the gas such that the first region is diffusive and the second region 
is baUistic; thereby allowing for emitting the current carriers firom the diffiisive 
region into the ballistic region with a wide angular range of directions of 

10 propagation of the current carriers in the ballistic region. 

There has thus been outlined, rather broadly, the more important features 
of the invention so that the detailed description that follows hereinafter may be 
better understood. Additional details and advantages of the iavention will be set 
forth in the detailed description, and in part will be appreciated firom the 

15 description, or may be learned by practice of the invention 

BRIEF DESCRIPTION OF THE DRAWINGS 

In order to understand the invention and to see how it may be carried out 
in practice, preferred embodiments will now be described, by way of non-limiting 
examples only, with reference to the accompanying drawings, in which: 
20 Fig. 1 is a schematic illustration (in an enlarged scale) of a configuration 

of a two-dimensional gas, suitable to be used in a device for manipulation of 
motion of current carriers of the present invention, such as a spintronic device or 
a signal splitter; 

Fig. 2 is an enlarged schematic view of a gas configuration of the present 
25 invention suitable to be used in a spin carriers motion manipulating device 
(spintronic device) of the present invention; 

Fig. 3 illustrates an example of implementation of the stmcture suitable to 
be used in the spintronic device of the invention providing the gas configuration 
of Fig. 2; 
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Fig. 4 illustrates an example of the scattering of electrons at the region of 
inhomogeneity Gateral interface) between two regions of the two-dimensional gas 
with and without spin-orbit interaction, respectively; 

Fig. 5 illustrates an example of dependence of an angle of refraction of 
5 electrons for the two spin polarizations as a function of an angle of incidence on 
the interfece between the two regions of the two-dimensional gas with and 
without spin-orbit interaction, respectively; 

Fig. 6 illustrates the intensity of the fluxes of electrons tiansmitted through 
the interfece without changing their chiralily; 
10 Fig. 7 schematically exemplifies a spin-polarizer splitter, according to one 

embodiment of the present invention; 

Fig. 8 schematically illustrates an eKanapl& of implementation of a spin 
filter of the presait invention; 

Fig. 9 exemplifies another realization of the spin filter according to the 
1 5 invention configured with a region of inhomogeneity formed by a stripe; 

Fig.. 10 schematically illustrates a realization of the spin filter by 
fabricating a gate in the semiconductor structure, according to the invention; 

Fig. 11 exemplifies a spin-guide of the current of spin carriers, according 
to the mvention configured with a region of inhomogeneity formed by a curved 
20 stripe; 

Fig. 12 exemplifies a spin-storage, according to the invention configured 
with a region of inhomogeneity formed by a closed loop stripe; 

Fig. 13 exemplifies a switch of the current of spin carriers, according to 
the invention configured with a region of inhomogeneity formed by a stripe; 
25 Fig. 14 exemplifies a spin-detector, according to the invention; 

Fig. 15 exemplifies a realization of spin focusing the current of spin 
carriers by tiie region of inhomogeneity in the form of a lateral interface 
configured in an arc shape; 

Figs. 16A and 16B exemplify a realization of spin focusing the current of 
30 spin carriers by regions of inhomogeneity formed by lens-like regions of concave 
and convex shapes; 
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Fig. 17 exemplifies a realization of spin focusing the current of spin 
carriers by a spin zone lens; 

Fig. 18 exemplifies a realization of the telescopic effect in a spintronic 

device; 

Fig. 19 shows an example of a structure of Fig. 1 configured to be 
operable as a wide-range-angle sparger according to the invention; 

Fig. 20 illustrates the angular distribution of the diflftise emission in the 
two-dimensional semiconductor structure as compared to the Drude-form 
distribution; 

Fig. 21 schematically illustrates a signal splitter device of the present 
invention utilizing the wide-range-angle sparger of Fig. 19. 

Fig. 22 illustrates the distribution function of the 'V and "-" 
polarization components of the two-dimensional electrons emitted into the 
ballistic region after passing through the diffusion region; 

Fig. 23 schematically illustrates an example of a spin filter of the present 
invention when the electrons are injected fi-om the diffusive part of the two- 
dimensional gas into the ballistic spin-orbit part; and 

Fig. 24 schematically illustrates yet another example of implementation of 
a spin filter of the present invention when one of the parts of the spintronic 
structure is configured as the wide-range-angle sparger. 

DETAILED DESCRIPTION OF THE INVENTION 

The principles and operation of the method according to the invention and 
the device based thereon may be better understood with reference to the drawings 
and the accompanying description. It is understood that these drawings and the 
examples of the properties of the device are given for illustrative purposes only 
and are not meant to be limiting. In particular, the spin-polarization (chirality) of 
spin carriers in the drawings discussed hereinbelow is illustrated in the 
assumption that the dominant mechanism of the spin splitting of the energy 
spectrum is the Rashba spin-orbit interaction. However, it should be appreciated 
that this presentation does not limit generality of the description. The present 
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invention can be ^plied for oilier sources of the spin splitting as well. 
Furthermore, there is no intention to bind the invention by any theory presented in 
the description. 

The technique of the present invention provides for manipulating a 
5 direction of motion of current carrying particles. Such a manipulation includes a 
redirecting (deflecting) the spin carrying current carriers according to their spin 
polarization (chirality or "-") which provides for spUtting of a flux of 
unpolarized spin carrying current carriers into two angularly resolved fluxes of 
current carriers according to their chirality; or spreading the flux of the current 
10 carriers in a wide angular range of direction of motion thereby providmg for 
splitting the signal into multiple channels. 

Referring to Fig. 1, there is schematically illustrated a configuration of a 
two-dimensional gas 11 of current carriers 12 (electirons or holes). For purposes 
of clarity, in the following description electrons will be considered as an example 
15 of spin carriers. The gas 11 is configured according to the invention for use in a 
device for manipulating the direction of motion of current carrying particles 12. It 
should be noted that this figure is not to scale, and is not in proportion, for 
purposes of clarity. The two-dimensional gas 11 of current carriers is confined in 
a potential well 15 (usually referred to as quantum well). The gas 11 of current 
20 carriers confined in the quantum well is called the two-dimensional gas, because 
the motion of carriers in the direction perpendicular to the plane of two- 
dimensional gas (being quantized) is quenched. 

The gas 11 is. inhomogeneous having at least one region of inhomogeneity 
14 which has at least one parameter varying in the direction parallel to the plane 
25 of the two-dimensional gas, the parameter selected from the following 
parameters: magnitude of a spin-orbit coupling constant (which may or may not 
depend on the density of the current carriers of the two-dimensional gas), the 
density of the current carriers of the two-dimensional gas, and mobihty of the gas. 
The latter is determined by scattering centers (impurities or other defects shown 
30 by dots 16) in the semiconductor structure. In the present example of Fig. 1, the 
region of inhomogeneity 14 is a transition region (zone) between two regions 13a 
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and 13b of the inhomogeneoais gas 11 of the current carriers, which differ from 
each other in the value of spin-orbit coupling constant and/or deaisity of the gas 
and/or mobihty of the gas, and are in electrical contact with each other. Such 
region of inhotaogeneity 14 constitutes a lateral interface in the gas. 
5 As shown in Fig. 1, one of the gas regions - e.g., region 13a, may be a 

region with a relatively low mobihty of the gas (difl&isive region). This can be 
achieved by conj5guring the semiconductor structure containing the gas 11 such 
that the concentration of scattering centers in the region 13a is relatively high. 
The other region 13b of the gas is balhstic (clean) region and is characterized by 
10 relatively high mobihty of the gas. The ballistic region may be spin-orbit (SO) 
region (i.e., a region of a substantial value of spin-orbit coupUng constant), or it 
may be normal (N) region that is defined as a region with a reduced value of the 
spin-orbit coupling constant (compared to SO-region) or with no spin-orbit term. 
In some embodiments of the invention, the different regions at opposite sides of 
15 the lateral interface 14 are normal and spin-orbit regions, both being balhstic. 
Various examples of different embodiments of the invention will be described 
further below. 

It should be understood that the lateral interface is one particular example 
of the region of inhomogeneity of the two-dimensional gas 11. 
20 It should be noted that the term "interface" always refers in the present 

description to the lateral mterface between the two regions of the inhomogeneous 
two-dimensional gas of current carriers. 

According to the mvention, the injection of the current (directional motion 
of current carriers 12) from one region to the other region through the interface 14 
25 results in a change in the direction of motion of current carriers. 

The iuvention, according to its one aspect, exploits the effect of spin 
splitting of the energy spectrum of current carriers which exists in the absence of 
inversion symmetry to provide a spin dependent refraction and/or spin dependent 
reflection of the spin carrying current carriers (tmned also "spin carriers ") at the 
30 region of inhomogeneity. The region of inhomogeneity in this case is 
characterized by a by a substantial variation in the direction parallel to the plane 
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of the two-dimensional gas of the magnitude of a spin-orbit co\q)ling constant 
and/or density of the spin carriers. This provides for spin manipulation of the 
current carriers. 

In the other aspect, the invention provides spreading of the current carriers 
in a wide angular range of direction of motion. The region of inhomogeneity in 
this case is a transition region of the two-dimensional gas characterized by a 
substantial variation of mobility of the two-dimensional gas of current carriers in 
the direction parallel to the plane of the two-dimensional gas of the spin carriers. 
In this case, lateral interface 14 is a transition region between the first diffusive 
region of tiie gas 13a with a relatively low mobility of tiie gas (relatively high 
concentration of in^urities) and the second baUistic region of tiie gas 13b 
(substantially free of impurities). In addition, each of the regions 13a and 13b 
may or may not be a spin-orbit (SO) region. 

Tbus, according to the first aspect of invention, the two-dimensional gas 
may be configured and operated for use in a spintronic device for spin 
manipulation. The following is the description of some examples of the invention 
providing the manipulation of tiie direction of motion of spin-carrying current 
carriers, based on tiie effect of spin spUtting of the. energy spectiran of current 
carriers. 

The effect of spin splitting of tiie energy spectinim of spin carriers which 
exists in the absence of inversion symmetry can be achieved by using one of tiie 
known mechanisms of tiie spin-orbit interaction, which are described for example 
in the following publications: G. F. Dresselhaus Phys. Rev. V.lOO, P. 580. 1955; 
E. I. Rashba, Sov. Phys - Solid State, 1960, V. 2, P. 1109; Yu. A. Bychkov and 
E. I. Rashba, J. Phys. C. 1984, V.17, P. 6039; and J. Luo et al., Phys. Rev., 1990, 
V. B 41, P. 7685. One mechanism of the spin-orbit interaction, known as the 
Dresselhauss effect, is due to tiie lack of inversion symmety of tiie host material. 
Anotiier mechanism is related to the asymmetiy of tiie potential confining tiie so- 
called two-dimensional carriers in semiconductor heterostructures. The latter 
mechanism is known as the Rashba spin-orbit interaction tiiat is especially 
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important for the heterostmctures which are febricated from narrow-gap 
semiconductor materials. 

The Rashba term of the spin-orbit interaction has been intensively studied 
recently, both experimentally and theoretically. The potential weU in the case of 
Rashba spin-orbit interaction has an asymmetrical shape. For example, this 
asymmetrical potential can be triangle. However, any asymmetry in the shape of 
the confining potential (including a rectangular potential well with confining 
potential barriers of different height) can provide a spin splitting of the energy 
spectrum. The lack of inversion symmetry of the confining potential leads to the 
Rashba spin-orbit interaction that is specific for heterostructures. 

It should be noted that most of semiconductor heterostructures are 
fabricated from uniaxial crystal compounds with no inversion symmetry. 
Therefore, a combination of both mechanisms, the Dresselhauss and Rashba, can 
be acting in a two-dimensional gas created in the heterostructures. 

In the description below, regardless of the mechanisms of the spin-orbit 
interaction responsible for spin spUtting of energy spectrum of spin carriers, the 
resulting effect will be referred to as an effect of the spin-orbit interaction, which 
is characterized by a spin-orbit coupling constant. As indicated above, the varying 
spin-orbit density constitutes varying spin-orbit coupling constant, or varying 
density of the spin carriers provided that the spin-orbit coupling constant has a 
non-zero value, or a combioation of both. GeneraUy, a region of inhomogeneity 
with varying spin-orbit density can produce redirection of the trajectory of spin 
carriers of one polarization, thereby allowing for separating the trajectories of the 
spin carriers with different spin polarizations. 

Fig. 2 schematically illustrates a two-dimensional gas configuration of the 
present iavention configured for use in a spintronic device for manipulation of the 
direction of motion of the spin carrying current carriers (termed "spin carriers 
providing a spin dependent refiaction and/or spin dependent reflection of a 
current of spin carriers. Similarly, for the purposes of clarity, the figure is not to 
scale and is not in proportion. Fig 2 illustrates the configuration of the two- 
dimensional gas U of spin carriers 12, e.g., electrons or holes. The gas 11 is 
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confined by a non-uniform potential well 15 (the profile of the wave function of a 
spin carrier confined by the well is schematically shown by a dashed Une) which 
limits the motion of the spin carriers in the direction perpendicular to the plane of 
the two-dimensional gas. The potential well 15 in the case of the Rashba spin- 

5 orbit interaction has an asymmetrical shape in this direction due to the structure 
inversion symmetry. The lateral interfece 24 is configured in the two-dimensional 
gas 11 between two regions 23a and 23b characterized by substantially different 
magnitudes of a spin-orbit coupling constant and/or density of the spin carriers, 
owing to the nonuniformity of the potential well 15. The gas regions 23a and 23b 

10 are in contact with each other along the lateral intarfece 24. An examples of the 
profile 25 of a varying magnitude of spin-orbit density across the lateral interface 
24 is shown schematically in Fig. 2; a is the width of the transition region, i.e., 
the width of the region of inhomogeneity 24. 

The device configuration provides a desired orientation between a beam 

15 21 of the spin carriers 12 and the region of inhomogeneity 24. This desired 
orientation is such that the beam 21 of spin carriers contains carriers that impinge 
onto the region of inhomogeneity 24 at a certain range of non-zero angles of 
incidence. A spintronic device utilizing such configuration of the two-dimensional 
gas also includes an arrangement of barriers defining an arrangement of terminals 

20 for allowing passage of current through the gas 11, as will be described fiirfher 
below. 

The strength of the spin-orbit coupling constant as well as density of the 
current carriers is determined by the potential well c onfining the two-dimensional 
gas 11- The portions of the potential well 15 corresponding to regions 23a and 

25 23b can have a different level of asymmetry, or at least it affects the gas 11 of 
spin carriers in these regions differently. For example, in one of the portions the 
potential well 15 can be a symmetrical potential well, while in another portion it 
can be an asymmetrical potential well. Another option is that the depth of the 
asymmetrical potential well is different in the two portions, and consequentiy the 

30 gas 11 can have different density of spin carriers in these regions. 
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In the case of the Dresselhaus spin-orbit interaction, the non-uniform 
potential well (with the variation of the density of the two-dimensional gas in the 
direction parallel to it) is created in the semiconductor structure fabricated from a 
uniaxial crystal compound with no inversion symmetry. The non-uniform 
5 potential well has a difiEerent depth in the portions corresponding to the regions 
23a and 23b. Accordingly, the gas 11 has difBsrent density of spin carries in these 
regions. 

It should be understood that a combination of the above discussed cases, 
i.e., asymmetry of the confining potential and lack of inversion symmetry of the 
10 crystalline structure, can be also utilized. 

The lateral interface 24 leads to spin dependent refraction and spin 
dependent reflection of spin carriers, i.e., the interface 24 leads to spin dependent 
deviation of a direction of motion of the spin carriers incident on the interface 24. 
For instance, in the case of the refraction, the beam 21 of spin carriers incident 
15 with a non-zero angle q> at the interface 24 is spUt into two transmitted beams, 
22a and 22b, propagating at different angles ^" and ^ ^ as will be described 
below. Depending on the angle of incidence onto the mterface, a reflected beam 
22c may also be obtained. 

The transmitted beams 22a and 22b have different spin polarizations of 
20 the spin carriers. Consequently, according to this embodunent of the uivention, 
there is a possibility to spatially separate the beams with the different spin 
polarizations. According to the invention, spin carriers incident on the interfece 
(region of inhomogeneity) at a predetermined range of incident angles can be 
deviated on desired deviation angles, as a result of spin dependent refraction and 
25 spin dependent reflection. 

Generally, several techniques can be used for the fabrication of a 
semiconductor structure with parameters varying in the direction parallel to the 
plane of the two-dimensional gas for purposes of creating the inhomogeneous 
two-dimensional gas 11 of spin carriers with at least one region of inhomogeneity 
30 with laterally varying parameters. Examples of the techniques include, but are not 
limited to, Uthography, etching, deposition and implantation techniques, or any 



wo 2005/065037 



-25- 



PCT/IL2005/000026 



combination tiiereof (see, for example, S. M. Sze, "Semiconductor devices: 
physics and technology", Wiley Text Books; 2 edition, 2001). 

Moreover, the variations of the strength of the spin-orbit coupling constant 
and/or density in the two-dimensional gas 11 of spin carriers in the plane of the 
5 gas can be achieved by applying a bias voltage to one or more gate electrode (not 
shown) arranged near at least one part of the two-dimensional gas. The gate(s) 
acting differently on different regions of the two-dimensional gas create a 
region(s) of inhomogeneity in the two-dimensional gas by changing the strength 
of spin-orbit coupling constant and/or the density of the two-dimensional gas in 
10 the regions of the gas near the gate. 

Likewise, the inhomogeneous two-dimensional gas 11 of spin carriers can 
be created by the application of a combination of the above techniques. 

It should be noted that the region of inhomogeneity and each region of the 
inhomogeneous two-dimensional gas can be of a desired size and form a desired 
15 pattern. Moreover, the region can have a required spatial orientation and profiles 
of the density and spin-orbit coupling constant. 

It should also be noted Uiat the two-dimensional gas of the spin carriers 
can be confined by more than one potential well located in parallel to each other. 
By applying a bias voltage, the densities of the spin carriers can be redistributed 
20 among the different potential wells m the portions of the wells affected by the 
gate, thus creating a two-dimensiohal gas with varying parameters. (The term 
"gas" refers to the entire gas of the spin carriers confined in the different wells 
and thus may refer to the non-uniform.) It should be understood that creation of 
the inhomogeneous two-dimensional gas 11 of spin carriers with varying 
25 parameters is not limited to the aforementioned techniques and may employ other 
suitable methods. 

Referring to Fig. 3, a non-limiting example of the implementation of a 
semiconductor structure suitable to be used in a spintronic device of the present 
invention is illustrated. According to this example, a semiconductor structure 30 
30 is a multilayer heterostructure that configures a conducting channel of the two- 
dimensional gas 11 of spin carrying current carriers is created by two or more 
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layers which for purposes of clarity are shown schematically as only two layers 
31 and 32. It should be noted that for the Dresselhaus mechanism to be involved, 
at least one of the layers (or at least one part of the layer) is fabricated from a 
uniaxial crystal compound with no inversion symmetry. Actual configurations of 
5 the semiconductor structure 30 may also include buffers, spacers, carrier 
supplying layers, a substrate 33 on which the semiconductor structure is 
superposed, etc. Examples of the semiconductor structure 30 include, but are not 
limited to, modulation doped multilayer heterostmctures. 

The materials used for fabrication of the multilayer semiconductor 
10 heterostmctures include, but are not limited to, group ffl - group V and group E 
- group VI compoimds. Exanq)les of the multilayer semiconductor 
heterostmctures fabricated from group HI - group V compounds include, but are 
not limited to InxGai.xAs/hiyAli.yAs, In^cGaL^As/hiP, InAs/AlSb, LixAli. 
xAs/InyGai.yAs/ In^Alj^^As, etc., wherein x, y and z are in the range of 0.1 to 1. 
15 The layers presented schematically as 31 and 32 may, for example, be superposed 
on a substrate 33, such as InP, GaP, GaN, GaAs, Si, Ge, or any other insulating, 
semi-insulating, or conducting material. 

Examples of the multilayer semiconductor heterostmctures fabricated 
from group n - group VI compoimds include, but are not limited to 
20 CdTe/HgTe/CdTe, HgxCdi.xTe etc., wherein x is in the range of 0.1 to 1 . 

For purposes of clarity, many other details are not shown, includiug Ohmic 
contacts for applying a current passage through the semiconductor structure 30. 
Likewise, each of the layers 31 and 32 may include a number of layers (not 
shown). 

25 The semiconductor stmcture 30 ftirther comprises a gate 34, which is 

typically a conducting layer arranged on the top of an insulating layer (e.g., SiOi) 
or a semi-insulating layer (not shown), near the region 23a of the semiconductor 
stmcture 30, and serves for applymg an electric field 35 (by ineans of a bias 
voltage) to this region. It should be understood that the gate 34 can have any 

30 desired pattem including, but not limited to, a front, back or split configurations. 
It can be either a continuous gate or an array of spaced-apart gate elements. The 
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bias voltage appUed to the gate 34 provides the electric field 35. The electric field 
35 affects the region 23a, and has a value sufficient for altering the properties of 
the two-dimensional gas of spin carriers confined by the potential well 15 in the 
region 23a. The consequence of the action of the electric field on the gas in the 
5 region 23a is in changing the spin-orbit coiq)ling constant and/or the density of 
the two-dimensional gas in this region. It should be noted that when required, 
more than one gate can be arranged in either front (as shown in Fig. 3) or back 
(not shown) side of the heterostructure. It should be noted that other configuration 
are also possible, when desired. 
10 In should be understood, that the substantial change of the spin-orbit 

coupling constant may or may not be accompanied by the change in the density 
of the electron/hole gas. The strength of the spin-orbit coupling constant in a 
semiconductor heterostructure with an asymmetric potential well is mostly 
determined by the sensitivity of the wave function of the spin carriers (electrons 
15 or holes) confined by the potential well 15 to the interface (in this paragraph the 
term ""interface^' should not be confiised with a lateral interface defined above) 
between the two semiconductor layers with a different width of their band g2q)s 
(see layers 31 and 32 in Fig. 3 below). The change of the strength of the spin- 
orbit as a result of the appUed bias voltage (see 35 in Fig. 3) can be caused by 
20 shifting the wave fiinction of a confined current carrying particle in the direction 
perpendicular to the plane of the two-dimensional gas 11 closer to or farther from 
the interface. In this case, the bias voltage can modify the strength of the spin- 
orbit, while substantially not affecting the density of the two-dimensional gas. 

It should be appreciated by a person versed in the art that the 
25 semiconductor structures iUustrated in Figs. 2 and 3 can be used in a spin 
polarizer device for producing a spin-polarized current of spin carriers or for 
redirecting the current of polarized spin carriers, and can be a constructing 
element for spintronic semiconductor devices in various embodiments. 

In the fijTther description, the theoretical basis of the technique utiUzing 
30 the scattering of spin carriers at the region of inhomogeneity wiU be considered. 
As a particular example of the region of inhomogeneity, the interface 24 will be 
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Studied. It should be noted that hereinafter where it is not specifically 
emphasized, the two-dimensional gas of electrons will be considered as an 
example of the spin earners. However, it should be understood that the invention 
is not construed as being limited by these examples. The technique of the 
5 invention can be ^plied, mutatis mutandis, to other embodiments utilizing, inter 
alia, scattering of holes and/or other spin carriers. 

Hereinafter, an analysis of the role of spin splitting owing to the spin-orbit 
interaction in the scattering of electrons at an interface between two regions with 
different strength of the spin-orbit interaction will be provided. The theoretical 
10 analysis justifying the invention will be expounded hereinbelow only for the 
Rashba mechanism of the spin-orbit interaction in the two-dimensional gas of 
spin carriers. However, it should be understood that such a theoretical analysis is 
given for illustrative purposes only, and is not meant to be limiting. Other 
mechanisms (e.g., the DresseUiaus mechanism), can also be adequately 
15 considered for the analysis of the effects of the spin spUtting in the scattering of 
spin carriers (electrons and/or holes) at the lateral interface. The conclusions 
based on the analysis of the Rashba mechanism presented here have a general 
character. After this analysis, various embodiments of the spintronic devices 
utilizing the configuration of the two-dimensional gas exemplified above with 
20 reference to Fig. 2 will be described. 

As shown in Fig. 2, the two-dimensional gas 11 of spin carriers is confined 
in the plane by the nonuniform potential well 15. Typically, the potential well 
15 has a shape of an asymmetric triangle, and, consequently, there is a direction 
of asymmetry, 1 , perpendicular to the electron gas plane. This leads to the 
25 appearance of the Rashba term of the spin-orbit interaction, a(pxi)o-, in the 
Hamiltonian, where a is the spin-orbit coiqjling constant,/? is the momentum and 

a is the spin of the electron. 

The analysis hereinbelow will be carried out for the case when the spin- 
orbit coupling constant a varies along the x -direction, the interface 24 for 



wo 2005/065037 



-29- 



PCT/IL2005/000026 



convenience of the description is chosen to be located at x==0, and the direction of 
i is chosen as 1 == -y. 

Greneraily, the Hamiltonian has the form: 

5 +^(ixo-)[a(x)p + pa(x)] , <1) 

where m is the effective electron mass, describes the varying bottom of the 
conduction band, and the last term describes the Rashba spin-orbit interaction. 
The bottom of the conduction band B may be different in the region 23a and the 

10 region 23b of the two-dimensional gas 11. It should be noted lhat the difference in 
5 in the regions 23a and 23b may be realized by the fabrication of a 
semiconductor structure varying in the directions parallel to the plane of a two- 
dimensional gas. As was noted above, such semiconductor structure with varymg 
parameters can be obtained by (but not limited to) one of the following: 

15 lithography, etching/deposition, and implantation techniques, and/or applying a 
bias voltage to a gate arranged near certain regions of the two-dimaosional gas. 
When required, a combination of the mentioned techniques can be utilized. It 
should be understood that as the chemical potential is constant along the 
conducting two-dimensional electron gas 11, the varying bottom of the 

20 conduction band implies the varying density of the electron gas. 

The current operator corresponding to this Hamiltonian contains a spin- 
dependent term 

j= P.+a(x)(ixo-). (2) 
m 

The presence of spin in the current operator implies that in the process of 
25 scattering at the interface with varying a the continuity conditions for the wave 
fimction will involve the spin degrees of freedom of the electrons. It should be 
noted that this situation is analogous to the refraction of Ught where the 
polarization of hght enters the conditions dete rmin i n g the amphtudes of the 
refraction (i.e., Fresnel formulas). 
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In order to diagonalize the Hamiltonian with the Rashba term, one has to 
choose the axis of the spin quantization along the direction (1 x p) . Then the 
electron states are described by tiieir chirahties (referred to below as "+" and 
"-" ). For an electron in a state with a definite chirality, the spin polarization is 
perpendicular to the direction of motion. The dispersion relations of electrons 
with "+" and "-" chirality are given by 

2 

2m 

v=— — = ^±a. (3) 
op m 

It should be noted that for both chirality states, the velocity depends on Ihe 
energy m the same way, to wit, v = ^2{E-B)/m-\-a^ , and therefore, the two spin 
components can be separated only if they are forced to move in different 
directions. 

The kinematical aspects of the electron scattCTing at the interface between 
the two regions with different a will be analyzed now. All the waves 
participating in scattering have the same energy E which determines their 
momenta as follows: 

p^ = mi-sl2(E-B)/m + a^ =F a) 

=mVp{rK+S^Ta) (4) 

where a dimensionless parameter a =ah^ is introduced; Vp is the Femai velocity 
that depends on electron density and effective electron mass. This dimensionless 
parameter a will be used hereinafter throughout this description. The 
conservation of the projection of the momentum on the interface together with 
Eq. (4) detennines the angles of the transmitted and reflected beams (Snell's law). 

Fig. 4 illustrates an example of the scattering of electrons for the simple 
case when a(x<0;=0. For the sake of clarity, in the description of Figs. 4-6, the 
value of the spin-orbit coiq)hng constant in the normal (N) region is taken to be 
zero. In addition, in the theoretical presentation it will be assumed that the density 
of the two-dimensional gas of spin carriers is constant across the interface. 
However, it should be imderstood that generally normal (N) region is a region 
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with a reduced value of the spin-orbit coupling constant as compared to the 
adjacent thereto. The region with tiie reduced value of spin-orbit coupling 
constant (in the examples of Figs. 4-6 it is assumed that the spin-orbit interaction 
term is absent, a=0, in Ibis region) is denoted as N ("normal" region 23a), while 
5 liie region with a relatively high spin-orbit coupling constant (a finite a region) is 
daioted as SO ("spin-orbit" region 23b). 

An unpolarized incident beam 21 of electron is incident on the lateral 
interfece 24 firom the N-region at a non-zero angle of incidence <p . After passing 
across Hie interfece 24, the beam 21 is split in the region SO into two transmitted 
10 beams 22a and 22b of different chiraMes that propagate at different angles 0~ 
and ^""^ , respectively. (In the case of a=0 there is only one reflected beam 22c 
that is reflected at the angle equal to the angle of incidence. In general case of 
a^aO the reflected beam acquires two satellites.) The directions of spin 
polarizations ("+" and "-") are indicated by arrows 41a and 41b, respectively It 
15 should be appreciated that the interface 24 can act as a spin polarizer namely can 
split an unpolarized beam into two beams of different spin polarizations or 
redirect the incident beam of a specific spin polarization. 

Referring to Fig. 5, the result of the calculation of the deviation angles of 
the two beams 22a and 22b transmitted into the SO-region v^. the angle of 
20 incidence are plotted for the case, taken ordy as an illustrative example, when the 
spin-orbit interaction in the N-region vanishes completely and the density of the 
electrons in N- and SO-regions is the same, i.e. B(x)=const. As can be 
understood, the SO-region is optically more dense for the chirality state (i.e., 
it has a smaller wave vector) and less dense for the "-" chirality state. 
25 Consequently, the chirality state is refiracted to larger angles than the "-" 
chiraUty state. Moreover, the chirality state exhibits a total reflection for an 
angle of incidence in the interval q>'' «p <JJ^2, where ^ is the critical angle 51 
for total internal reflection. This fact will be utilized herein later m the description 
related to spin filtration and spintronic devices of the present invention. 



wo 2005/065037 



-32- 



PCT/IL2005/000026 



It should also be noted liiat in the SO-region the "-" chirality state has a 
limited aperture corresponding to 9", the maximal angle 52 of the refraction for 
the chirality state. Hence, there exists an interval of outgoing angles, 7j/2>d 
where only Ihe conq)onent can penetrate in the SO-region. As should be 
5 appreciated by a person versed in the art, an ideal spin filter can be fabricated by 
collecting electrons from this interval. 

Spin filtration can utilize an interval of incident angles <p^<g>«p''. For an 
angle of incidence, within this interval, the transmitted beams of different 
chirality do not overlap. Namely, the "+" chirality state scatters into the angular 
10 interval 7i/2>e >e\ while the "-" chiraUty state fills the angular interval 6' >& 
>e^, where is the angle of separation of the two polarizations (see Fig. 5 for a 
graphical definition of the angles (p^, 0^and 0^). 

It should be noted that all angle intervals indicated in Fig. 5 are not narrow 
as their widths have a square root dependence on a . In particular, it follows from 
15 Snell's law that iTpQ-ip « 0'^ « . 

Actually, it is possible to reduce angle 0 " even fijrther by a combuied 
action of the difference in the spin-orbit couphng constant and density across the 
interface. This can be achieved by fabrication of a semiconductor structure with 
parameters varying in the direction parallel to the plane of the two-dimensional- 
20 gas. For example, by etching and/or deposition techniques, or with the gate(s) 
acting differentiy on the different regions of the electron gas, one can shift the 
bottom of the energy band relative to the Fermi-energy differentiy in the N- and 
SO-regions, i.e., ^= B(-oa)-B(+<xi)i^. With tiie use of Eq. (4), it can be shown 
that when SB increases (it corresponds to lowering of the density in the N-region) 
25 the angle interval {7tll-0^ grows and reaches 24& . However, at that moment, 
which is optimal for spin filtration, the angle for total internal reflection reaches 
its limiting value tt/ 2 . Starting from this point, the angle interval suitable for tiie 
spin filtration narrows and eventually becomes ~ a instead of~Js. 

Hereinafter, a quantum mechanical analysis of the refraction of elecfrons 
30 at the interface between two regions with different magnitude of the Rashba term 



wo 2005/065037 



-33- 



PCT/IL2005/000026 



will be provided. The relations between the incident, reflected and the transmitted 
waves can be found from the solution of the Schroedinger equation. For purposes 
of clarity, it is assumed that B(x)=const, and only the case of the N- and SO- 
interface is discussed. The problem can be considered for the two limiting cases 

5 of "sharp" and "smoothT interfaces, i.e., when the width of transition zone 
between the N-region and SO-region is smaller or larger than the electron de 
Broglie wavelength of the incident electrons, respectively. In other words, in 
the case of the sharp interface, the parameter a changes abruptly between the N- 
region and SO-region, while in the case of the smooth interface, a changes 

10 continuously on the scale of the order or larger than the electron wavelength Xp. 

For the case of the sharp interfece between the N- and SO-regions, the 
scattering states of an electron coming from the N- region in the incident state 
g-Cp^+p--)^* can be described by 



15 



' " ' . "-"'^ .. (5) 



where zt^ are spinors corresponding to the «+'7"-" chiral states in the N/SO- 
regions, and r and r are the amplitudes of the reflected and the transmitted 
waves. A similar e3q)ression holds also for ^" which evolves from the incident 
state 

20 For the sharp interface tiie amplitudes r, t can be found from the continuity 

conditions that follow from the Schroedinger equation with the boundary 
conditions: 

^ a{x)a^ 



<=0; <=0 (6) 

m(x) J 

where any function <D|^ denotes <D(x = +0)-O(x = -0). Analysis of Eq, (6) 
25 shows that in the course of refraction at the interface with a«l, transitions 
between waves with different chiralities are strongly suppressed - namely, the 
ampUtude t^ ~a{z^\zN)-a^ian(p, and similarly for t^. An extra factor of 
atan^ in the off diagonal ampUtudes is a consequence of the fact that angles of 
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deviation of the reftacted electrons are small, and therefore the overlap of the 
spinors of different chiralities tends to vanish. The amplitudes and U- reach 
their maximal values at 9? « ^ ^ where deviation angles are maximal and 

5 Fig. 6 illustrates the intensity of fluxes of the transmitted electrons without 

a change of their chirahty {dO* I d(py^\tj( and idO' I d<py^\t_f per unit angle 
(radian) of the refiracted electrons, as a function of an incidence angle. The curves 
62a and 62b describe the intensity of flux of transmitted electrons of "-" 
chirality for a smooth and sharp interfece, respectively. The curves 63a and 63b 

10 describe the intensity of flux of transmitted electrons of "+" chirality 
correspondingly for a smooth and sharp interface. The intensities of fluxes are 
different even at normal incidence because of the difference of the refraction 
angles of the two modes. The dashed line 61 indicates the level of spin 
polarization, \rjrj( , of the reflected electrons for an unpolarized incident beam 

15 21. As can be seen, the drop of the intensities occurs practically only due to the 
reflection which becomes decisive for ^(f. The amplitudes /_+ and r+_ , and, 
similarly, the amplitudes of the reflection with a change of the chirality, r+_ and 
are negligible at any angle. These amplitudes reach their maximal value 
at angle ^ (51 in Figs. 5 and 6). Therefore, when total reflection occurs 

20 for the "+" chirality state at ^ s ^? ^ its intensity is left mostly in the state of the 
same chirality. 

At angles <p > 9) the amplitude is close to unity, while r_ is still 
small (as well as r-^). It appears that for the angle of incidence equal to angle q> " 
the ratio | r_lr^ f has a cusped miniTminn For small a this ratio has a limiting 
25 value ^ 0.03 at the minimum. Therefore, when an unpolarized electron beam 21 
(see Fig. 4) is incident upon the interface 24, the reflected beam 22c acquires a 
significant level of spin polarization at ^> « q)" (see, for example, tiie dashed line 
61 in Fig. 6). 
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It should be noted that this situation is analogous to the Brewster angle in 
the reflection of light. An angular interval around <p ^ AA^ere the degree of 
polarization of the reflected beam remains large enough, is not so narrow (see, for 
example. Fig. 6). According to the invention, this feet provides for using 

5 reflection for the purpose of spin polarization. 

Now the case of the electron scattering at a smooth interface will be 
discTissed, i.e. when a changes continuously on the scale of the order or larger 
than the electron wavelength Xp. The analysis of the refraction at a smooth 
interface can be carried out by usmg, for example, a small parameter 

10 Ti = (jialdx)lavp~Xla«\, where a is a characteristic scale of the width of the 
region with varying a (i.e., an effective width of the interface). Due to the 
smoothness of the interface, the electron spin adjusts itself adiabatically to the 
momentum keeping its polarization in the direction perpendicular to the 
momentum. In addition, since ti«1, the reflected wave can be neglected, if 

15 q> Having these arguments in mind, a solution can be sought, which evolves 
from the state x* in form generaliziug the Wentzel-Kramers-Brillouin 
(WKB) approximation to mclude the spin degrees of freedom: 

= ^ +<^_(x)^e'^-^'^ (7) 

20 with <j>^{x = -00) = 1 and ^_^ix = -co) = 0. 

In order to obtain an admixture of the wave with the opposite chiraiity, 
and 9i 0 , one has to analyze the Shroedinger equation up to first order in 77 . It 
should be noted that this equation is similar to the equation describing transitions 
in a two-level system subjected to an oscillating perturbation (see, for example, 

25 LI. Rabi, Pt^s. Rev., 1937, V. 51, P. 652). The latter arises owing to the phase 
difference of the two WKB waves in Eq. (7). The analysis shows that the 
admixture of a wave with differait chiralities due to a smooth interface is very 
small, to wit: |^_^|' -sm" <p ivasolvpf «1 sin> (aso/v^)\ whichever is 
smaller. Moreover, for the case of the smooth interface the shape of each of the 
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"+" and "-" curves (curves 62a and 63a in Fig. 6) becomes even more 
rectangular than in the case of a sharp interface, which is fevorable for the 
applications of the invention. 

It should be understood that the rectangular shape of the curves 62a and 
5 63a makes Ihe direction of motion of the spin carriers to be very sensitive to the 
modulation of the spin-orbit density by Ihe bias voltage, or to be very sensitive to 
a change in the angle of incidence of the spin carrying current carriers on the 
region of inhomogeneity, thus leading to an effective redirection of the spin 
carriers. The rectangular shape of the curves 62a and 63a near the angle of total 
10 intemal reflection results in the threshold response of the electrical resistance of 
the device and/or switching of the direction of current to a small variation of 
controlling parameters (e.g. the bias voltage and/or angle of incidence).. 

Summarizing the above consideration of the electron/hole scattering, it can 
be appreciated that for both of the discussed cases, each of the spin chkaUties 
15 propagates along its own trajectory, while the change of the chiraUties is 
insignificant. Hence, the process of spin filtering can be based on the kinematical 
separation of the trajectories of electrons having different chiraUties. 

With regard to the temperature efifects on the scattering of the spin carriers 
the following should be noted. It is appreciated by a person versed in the art that 
20 the effect of spin dependent deviation of the spin carriers at the interface 24 are 
mostiy controlled by the kinematics. Since the angle for total intemal reflection is 
different for electrons of different energies, the temperature leads to a smearing of 
(p The polarizing properties will not be influenced noticeably until the smearing 
S(p''<inl2-<p''). This leads to the following condition on the temperature 
25 smearing of the angle g)": S (p'' /{Tvll-ip'^^T / AE^ <1, where Ep is the Fermi 
energy. It is known that a value of the Fermi energy, for example, for 
heterostructures fabricated from InxGai.xAs/InyAli.yAs can correspond to the 
temperatures of the order of lOOOK, and even higher. In otiaer words, the 
influence of temperature on the scattering of the spin carriers at the interface 24 in 
30 such systems is insignificant and can be neglected. 
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It should be appreciated that that the case of the N/SO interface, analyzed 
in the present description, was taken mostly for illustration purposes. Actually, 
any lateral interface between the two regions of the gas having different 
magnitude o^ inter alia, spin-orbit couphng constant aad/or density of the spin 
5 carriers, as well as other configurations of the regions of inhomogeneity in the 
gas, can produce separation of the trajectories of the spin carriers with different 
spin polarizations, provided that the spin-orbit coupling constant has a non-zero 
value at least in one of the regions. Such a lateral interface (or generally, region of 
inhomogeneity) can be utilized for the purpose of spin polarization and filtration. 
10 In particular, for the case SO1/SO2 when the interface is created by two regions 
each having non-zero spin-orbit coupling constant, in the analysis above, one 
should replace a by the difference of the corresponding spin-orbit coupling 
constants <5a = a, across the interface. 

It should be noted that in the recent experiments by Sato ei al. (Y. Sato, T. 
15 Kita, S. Gozu, and S.Yamada , Journal of Applied Physics, Vol. 89, P. 8017, 2001) 
the effect of a large spontaneous spin spUtting in gate-controlled two-dimensional 
electron gas has been observed. A decrease of tiie spin-orbit coupling has been 
reported when the density of the electron gas was reduced. 

In particular, it was reported that in a gate controlled electron gas formed 
20 at Ino.75 Gao^ As/hio.7s Alo.25 As heterojunction, tiie densities of the spin spht sub- 
bands can differ by as much as 50%. This spUtting of the sub-bands corresponds 
to a =0.1. It should be noted that by altering the bias voltage Vg the spin-orbit 
coupling constant can be reduced by a factor of 2. 

These experimental observations support the feasibility of the invention 
25 for the purpose of spin filtration. For example, when the variation of the spin- 
orbit coupling constant across the interfece, <Ja = a, -Sj, is set to 0.05 (measured 
in units of Fermi velocity), the angular interval of the total reflection can, for 
example, be higher than about 20°. This value is wide enough for resolving the 
deviation angles and collecting the polarized spin carriers at the terminals. In 
30 principle, the device of the present invention is feasible when the variation of the 
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spin-orbit coupling constaats across the interfece between two regions of the 
semiconductor structure is larger than about 0.001. 

In view of the results of the analysis of the electron scattering described 
above, the two-dimensional gas configuration presented in Fig. 2 can be utilized 
5 for construction of spintronic devices in various modifications. 

It should be noted, that hereinafter the term "N-region" will be referred to 
the region in which the spin coupling constant, a=at,, is smaller than Ihe spin 
coupling constant, d=aso> in the other region (denoted as "SO-region"), i.e., 

1 0 It should be further noted that in the presence of other mechanisms of the 

spin-orbit interaction leading to the spin-splitting of the energy spectrum, i:*, of 

the spin carriers the parameter a siiould be understood as a = ^ /^Ep ' 

Referring to Fig. 7, an example of a spintronic device 70 of the present 
invention is illustrated. The spintronic device 70 includes a semiconductor 

15 structure containing a two-dimensional gas 11 configured as described above with 
reference to Fi^. 2, and includes an arrangement of barriers, generally at 72 
(shown as shaded elements in Fig. 7, where only one pair of barriers is numbered 
for purposes of clarity of the illustration). The barriers 72 are arranged in the 
semiconductor structure in a predetermined manner to define two or more spaced- 

20 apart terminals 71a-71d in a two-dimensional gas 11. Each terminal is defined by 
a space between two nearest barriers 72 arranged in the two-dimensional gas 11 
for allowing a passage of spin carriers therebetween. The barriers 72 can be 
formed in the gas 11 by gates. Likewise, the barriers can be provided by known 
per se hthography, etching, deposition implantation and any other suitable 

25 technique. 

The terminal 71a is an injector terminal, for example, configured for 
providing a current of unpolarizsd spin carriers. At least one terminal from the 
other terminals is a collector configured (located) to receive a spin-polarized 
current. Two terminals may be provided (as exempUfied in Fig. 7) to receive 
30 current carriers of different spin polarizations, respectively. Thereby, the 
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spintronic device 70 can be used as a spin polarization splitter of Ihe current 
carriers. According to the invention, the spin polarized current carriers received 
by the collector terminal(s) can be used for subsequent spin manipulations. 

When the collector terminals are configured spatially to receive carriers of 
5 a selected spin polarization, the spintronic device 70 can be used as a spin filter 
for producing a spin-polarized current of spin carriers. This is exemplified in Fig. 
8. 

Fig. 8 illustrates an example of ihe implementation of the above-described 
spintronic device 70 for producing the spin polarization current. In this example, 

10 a device 80 includes a semiconductor structure containing an inhomogeneous 
two-dimensional gas 11 of current carrying particles (as described above) having 
a lateral interfece 24 between N- and SO-regions 23a and 23b; and a barriers' 
arrangement 72 configured to form terminals 81 and 82. The terminal 82 is 
arranged to serve as an injector of unpolarized current carriers, and the temiinal 

15 81 is arranged to serve as a collector of spin carriers of specific polarization. The 
unpolarized current carrying particles, provided by the injector 82, after passing 
across Ihe interfece 24 between ihe N- and SO-regions of the two-dimensional 
gas are deviated on angles which depend on spin polarization of spin carriers. The 
collector 81 is configured spatially in a way such that only carriers wiih a 

20 spin-polarizadon can reach the collector 81. 

It should be appreciated by a person versed in the art that each of the 
embodiments of the spintronic device illustrated in Figs. 7 and 8 can be used as a 
spin filter for producing a current of spin carriers having a predeteraiined spin 
polarization. 

25 In the above-described examples of Figs. 4, 7 and 8, ihe semiconductor 

structure is configured to define a region of inhomogeneity of the two- 
dimensional gas in the form of lateral interface between two regions with 
different value of spin-orbit density. However, as indicated above, this is a 
specific example of ihe region of inhomogeneity. The following are some 

30 examples of a spintronic device of the present invention configured to define a 
stripe-like region of inhomogeneity of a two-dimensional gas of current carriers. 
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It should be understood that the term "stripe*' used herein refers to an elongated 
region of inhomogeneity of the two-dimensional gas with a reducing or 
incareasing magnitude of the spin-orbit coupling constant or in general varying 
spin-orbit density (either continuously varying or not). This stripe region with the 
5 varying spin-orbit density is either a relatively N-region or relatively SO-region 
as compared to its surroundings. 

Referring to Fig. 9, a spintronic device 90 of the present invention is 
illustrated configured for performing spin filtration. The configuration of the 
device according to this example is analogous to the Glan style optical polarizers 
10 made of uniaxial crystals. The device 90 includes a semiconductor structure 
containing a two-dimensional gas of current carriers configured to define a stripe- 
shaped region of inhomogeneity 91 of the gas with a reduced strength of the 
Rashba term which is sandwiched between two spin-orbit sub regions 92a and 
92b of the gas, thereby forming SO-N-SO lateral configuration (92a-91-92b) of 
15 the two-dimensional gas. This lateral configuration defines N-stripe 91. In Fig. 9 
two examples 96a and 96b of a profile of a variation of one of the parameters 
characterizing the two-dimensional gas in the direction parallel to the plane of the 
two-dimensional gas across the interface are shown schematically. 

As described above, the spin carrier of"-" chiraUty can be totaUy reflected 
20 at the SO-N interface. The orientation of the stripe 91 with respect to an axis of 
propagation of an unpolarized electrons' beam 93 (generally, a current of spin 
carriers) is chosen in such a way that the angle of incidence of the electron beam 
93 onto the stripe 91 exceeds the angle for total internal reflection for the "-" 
chirality state. Consequently, the input beam 93 is spUt at the interface SO-N 
25 defined by SO-region 92a and stripe 91, into two beams 94 and 95, where the "-" 
ChiraUty state beam 94 is redirected from the SO-N interface, while the 
chiraUty state beam 95 passes through the SO-N-SO junction mostiy unaffected. 
The reflected beam 94 ("-" chiraUty state) can carry ahnost aU of its initial 
intensity as the change of the chiraUty is inefficient, i.e., r_ « 1- and t^,r^ « 0 . 
30 As have been shown above, the kinematics of the refiraction allows for two 

additional beams (not shown) emerging on each side of the stripe. These beams 
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are not shown in Fig. 9 because tbeir intensity is negligible (as described in the 
above analysis). It should be understood, that the stripe 91 can be created by 
fabrication of a semiconductor structure with parameters varying in the direction 
parallel to the plane of the two-dimensional gas, as described above. 

Reference is made to Fig. 10 vs^ere the spintronic device discussed in Fig. 
9 is illustrated for the case when the stripe 91 is realized by fabricating a gate 101 
in the semiconductor structure. It should be noted that the two-dimensional gas 11 
of spin carrying current carriers can be created by a number of layers which for 
purposes of clarity are shown schematically as two layers 102 and 103 only. The 
N-stripe 91 is created by applying an £q)propriate bias voltage to the gate 101. As 
a result, the SO-N-SO lateral configuration (92a-91-92b in Fig. 9) is created in 
the inhomogeneous two-dimensional gas 11. The injector, collector (both are not 
shown), and the gate 101 are configured in such a manner that an angle of 
incidence of the electrons' beam on the stripe 91 exceeds the angle of total 
internal reflection of the electrons with the "-" chirahty. 

It should be ^reciated by a person versed in the art that each of the 
devices illustrated in Figs. 9 and 10 can be used as a spin filter prism, for 
producing a spin-polari2ed current fi-om an unpolarized current. 

With regard to device 90 of Fig. 9, it should also be understood that the 
semiconductor structure configuration defining a two-dimensional gas with the 
region of inhomogeneity in the gas with the enhanced magnitude of the spin-orbit 
coupling constant, i.e., SO-stripe, inside the N-region would act oppositely, 
mutatis mutandis. 

Referring to Fig. 11, still another example of the implementation of a 
spintronic device 110 of the present invention is illustrated. Iq this case, the total 
iatemal reflection of the spin carriers is used as a basis for the construction of a 
spin guide. This device, similar to that of Fig. 9, includes N-stiipe 111 (elongated 
N-region), which in the present example is curved, being formed in SO-region, 
thereby resulting in SO-N-SO lateral configuration 111. The lateral configuration 
111 operates as a spin guide, if the semiconductor structure is configured in such a 
way that electrons are sent inside the stripe 111. The tangent electrons in the state 
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of "+" chirality are trapped owing to total internal reflection, while electrons 
having "-" chirality leak out It should be noted that, due to Ihe latter fact, such a 
guide acts also as a spin polarizer. The feasibility of such a device is based on the 
fact that the intensity of repolarization |r_f , as have been shown above, is very 
5 small. When required, the stripe 111 can be curved for conveying the current of 
spin carriers to a predetermined location of the two-dimensional gas of spin 
carriers. It should be noted that for guiding carriers of chiraHty, the device is 
configured to have the SO-stripe incorporated in N-region, mutates mutandis. 

Fig. 12 illustrates an embodiment of a spm-guide device 120 that can be 
10 used as a spin storage of electrons having desired chirality. In Fig. 12, a 
semiconductor structure containing a two-dimensional gas of current carriers is 
configured to define a stripe in the gas (which may be N-stdpe in an SO-regions 
or may be SO-stripe in an N-region) in the form of a closed loop 122 (e.g., a ring) 
with an entrauce 121 and an exit 123. It should be understood that, when 
1 5 required, more than one exit can be utilized. 

The exit 123 firom the storage cm be controlled by a properly arranged 
gate (or gates) 124. By applying an appropriate voltage to the gate 124, and 
thereby opening the exit 123, a pulse of the spin polarized electrons can be 
obtained. 

20 Refocring to Fig. 13, a fiirther example of implementation of a spintronic 

device 130 of the present invention is illustrated. In this example, the high 
sensitivity of the trajectories of electrons/holes near the angle for total internal 
reflection to the change of the magnitude of the spin-orbit coupling constant (or 
density provided that the spin-orbit couphng constant has a non-zero value) is 

25 exploited to obtain a switch of the spin current (or spin transistor). According to 
this example, the device 130 includes a semiconductor structure creating a stripe 
131 with a reduced straigth of the Rashba term (i.e., N-stripe) that is incorporated 
in an SO-region 132 in the gas. An input beam 133 of spin carriers is incident 
from a source 134 (injector terminal defined by two spaced-apart barriers) onto an 

30 SO-N interface in the gas with the angle of incidence close to the angle for total 
internal reflection. The device 130 also includes appropriately arranged coUector 
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terminals each defined by a pair of spaced-apart barriers - two such terminals 135 
and 136 being shown in the present example. Fig. 13 actually presents Ihe three- 
terminal switch device, with one terminal for supplying the current and two 
collectors switching the current therebetween. 

It should be noted that the input flux of spin carriers may and may not be 
spin polarized. In the case when the ii^ut beam 133 is not spin polarized 
(unpolarized beam), the device 130 provides partial switching of the current 
When the input beam 133 is spin polarized, the entire input flux (or dominant part 
of the input flux) can be switched. It should also be noted that the device can be 
configured to define an N-SO-N lateral configuration and the input beam of spin 
carriers can thus be incident on the N-SO interfe.ce, mutates mutandis. 

The spin current can be switched between the terminals 135 and 136 by a 
small change of the spin-orbit density, with the bias voltage appUed to a gate 
arranged near the stripe 131. It should be noted that the substantially rectangular 
shape of the transmission probabihties presented in Fig. 6 makes this device to be 
very sensitive to the modulation of the spin-orbit density constant by the bias 
voltage, or to be very sensitive to a change in the angle of incidence of the spin 
carrying current carriers on the stripe 131 by redirecting them. In this way, an 
effective modulation of the spin current can be achieved; thereby the direction of 
the current as well as the electrical resistance of the device can be controlled by 
altering the magnitude of the bias voltage. Thus, the device of this example can 
be used as a switch, when a change of the current direction is required. Lilcewise, 
the device of this example can operate as a transistor: by varying the spin-orbit 
couphng constant (via Ihe bias voltage appUed to the gate) the electric current at 
the collector can be controlled. 

It should be noted that the time needed for switching the current in the 
above-described switch device 130 can be made extremely short. As it has been 
noted above, tiie bias voltage can modify the strength of the spm-orbit, while 
substantially not aflTecting the density of the two-dimensional gas 11 in the region 
131 that is influenced by the gate. Hence, the change of the strength of the spin- 
orbit and subsequently the switch of the signal can be performed without 
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recharging the two-dimensional gas. In this case the switching time of the switch 
device 130 can be much shorter than the switching time of the conventional 
switch devices based on the redistribution of charge. The time of changing the 
strength of the spin-orbit coupling without recharging the two-dimensional gas 11 
5 can be extremely short as it is limited by the time of shifting location of the 
current carriers with respect to the interface (here 'Hnterface" is an interface 
between the two semiconductor layers with a different width of their band gaps 
and should not be confused with a lateral interface). This technique of current 
switching without substantial recharging the two-dimensional gas can be used for 
10 realization of a fest device with a very short scale of time of switching. 

Referring to Fig. 14, yet another example of the implementation of a 
spintronic device 140 of the present invention is illustrated. According to this 
example, the spintronic device 140 can be used for the purposes of spin detection. 
In this case, the spatial separation of the trajectories of . the spin carriers with 
15 different spin polarizations after passing across a lateral interface 24 (created in a 
two-dimensional gas structure as described above) is exploited for the 
construction of a detector of spin polarization of spin carriers. The device 
includes a charge sensor 141 (one or more such sensors) arranged to react on a 
charge of a spin carrying current carrier passing through a collecting terminal 142 
20 (or 143). Examples of the sensor 141 appUed for registration of a charged spin 
carrier passing through the terminal 142 include, but are not limited to, devices 
similar to a single electron transistor (SET) and a quantum dot located nearby the 
terminal. Combined with the fact that the spin carrier passing through the certain 
terminal 142 (or 143) has predetermined spin chirality, the device 140 can 
25 provide informatian sufficient for registering a spm polarization of passing spin 
carriers. Thus, the device of this example can be used as a spin detector for 
detection of spin polarization of spin carriers. 

Referring to F^. 15, there is illustrated a spintronic device 150 configured 
to be used for spin focusing of the spin carriers. In this case, a lateral interface 24 
30 between regions 23a and 23b of the gas created in a semiconductor structure is 
confitnired to have an arced shape. The spin carriers emitted by an injector 
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terminal 152 (defined by two spaced-apart barriers) after crossing the interface 24 
are focused at a collector terminal 153 (defined by appropriately arranged spaced- 
apart barriers). It should be noted that although in this example (as well as in that 
of Fig. 18 described below) the shape (geometry) of the interface 24 is 
5 exenq)Iified as arc-like or circular, generally it may be of any other curved 
geometry (e.g., parabolic) suitable for appropriately redirecting (focusing) the 
spin carriers impinging thereon. 

It should be understood that the convex interface converges the spin 
carriers of "+" chirality incident on the interface 24 fi-om the N-region (as shown 
10 in Fig. 15), while for the spin carriers of"-" chirality the concave interface would 
converge the spia carriers incident thereon firom the N-region. It should also be 
noted that for the spin carriers incident fi:om the SO-region, the situation is 
reversed, mutates mutandis. 

Referring to Figs. 16a and 16b, yet other examples of implementation of 
15 the spintronic device according to the present invention are illustrated. In these 
configurations, the semiconductor structure containing the inhomogeneous two- 
dimensional gas 11 comprises the regions of inhomogeneity of the gas having 
concave 160a (Fig. 16a) and convex 160b (Fig. 16b) shapes, respectively, 
thereby forming concave and convex spin lenses for producing the spin focusing 
20 of spin carriers. It should be understood that such a region of the lens-like 
geometry presents the region of inhomogeneity with a reducing or increasing 
magnitude of the spin-orbit coupling constant or in general varying spin-orbit 
density (either continuously varying or not). This lens-like, region with the 
varying spin-orbit density is either a relatively N-region or relatively SO-region 
25 as compared to its surroundings. A concave N-region inside an SO-region (spin 
lens 160a) converges the spin carriers of "-" chirality and diverges the spin 
carriers of chirality. A convex N-region inside the SO-region (spin lens 160b) 
converges the spin carriers of "+" chiraUty and diverges the spin carriers of"-" 
chirality. 

30 It should be noted that SO-regions inside N-region (not shown) would act 

oppositely, mtaatis mutandis. It should also be understood, that by altering a bias 
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voltage of the gate affecting the spin lens 160a and 160b, the focal distance of the 
spin lens can be changed and adjxisted, as required. 

Referring to Fig. 17, stiU another example of implementation of a 
spintronic device 170 of the present invention is illustrated. The spintronic device 
5 170 includes a semiconductor structure which is configured to create a spin zone 
device by arranging regions of inhomogeaeity m a spin zone pattem. In such a 
spin zone pattern, the regions of inhomogeaeity 171 of the two-dimensional gas 
with the spin-orbit interaction can have vanishing density of the current carriers 
making the two-dimensional gas with the spin-orbit interaction (SO-gas) to be a 
10 multiply connected domain. Some of these regions of mhomogeneity 171 may for 
example be barriers.. This device utilizes the effect of spin dependent diffraction 
in order to provide a spin zone device (which is an analog of the zone plate lens in 
optics). The spin zone device 170 can focus spin carriers of both "+" and 
chirahties. It should be noted that the focal distances for different chiralities are 
15 different, i.e., the focal distance of the spin carriers of tiie "+" chirality is longer 
liian that of the chirality. 

It should be understood that a combination of the embodiments of the 
spintronic device illustrated in Figs. 15, 16a-16b and 17 can be provided. In this 
connection, reference is made to Fig. 18 illustrating a spintronic device 180, 
20 which is generally simUar to that of Fig. 15 (accordingly flie same reference 
numbers are used for identifying components that are common in these devices), 
and distinguishes firom the device of Fig. 15 in that the focusing of the spin 
carriers is further corrected by a spin lens 184 formed as N-region in the SO- 
region 151b. The lens 184 provides the telescopic effect to enforce the spm 
25 polarization of the spin carriers to be parallel. 

It should also be noted that other mechanisms can be used for spin 
focusing and redirecting the spin carriers. For example, a magnetic field can be 
used for the focusing and redirecting of Hie spin carriers m addition to the 
implementations of the spintronic device illustrated in Figs. 15, 16a-16b, 17 and 
30 18. 
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The above-described examples show various configurations of the 
semiconductor structure suitable for use in a spintronic device, utihzing at least 
one regions of inhomogeneity with a varying strengths of the spin-orbit 
interaction of the a two-dimensional gas of current carriers for manipulation of 
5 the direction of motion of the spin carriers. 

The following is the descrq)tion of another aspect of the invention 
providing for spreading a flux of the current carriers in a wide angular range of 
direction of motion thereby providing for splitting the input signal carried by the 
flux of the current carriers into multiple channels. According to this aspect, a 
10 semiconductor structure containing an inhomogeneous two-dim^ional gas 11 of 
current carriers 12 is configured to create two regions of the gas, one region being 
difiiisive (relatively low mobility deteraiined by relatively high concentration of 
scattering centers), while the otiier region being "clean", i.e., balUstic (which may 
and may not be spin-orbit region). A current passing through the diffusive region 
15 of the gas "opens" into the baUistic region. The angular distribution of particles 
(current carriers) emitted into the baUistic region after passing through the 
diffusive region is broad, and the current carriers can be collected at different 
ranges of angles of propagation. 

The invention provides for using the diffiise emission as a general method 
20 of realizing the wide-range-angle sparger for carriers (electron/holes) in nano- 
scale electronics. In particular, such a sparger can be used as an element for 
constructing a signal splitter for rephcating an input signal. In addition, the 
inventors have shown that the emission in such configuration (diffiise emission) 
is an effective way to get current carriers (electrons and/or holes) propagating at 
25 smaU angles to the lateral interface in the two-dimensional gas that can be used 
for spin filtration. 

Reference is made to Fig. 19 illustrating a diffuse-baUistic structure 190 of 
the present invention utilizing the concept of the diffiise emission in the 
inhomogeneous two-dimensional electron gas. The structure 190 provides for 
30 spreading particles (current carriers) in a wide range of angles when current 
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carriers of the two-dimensional gas 11 pass from a difiusive region into a ballistic 
region. 

The structure 190 includes a semiconductor structure configured to create 
a difiusive region 13a (scattering centers 16 are shown by dots) and a baUistic 
region 13b which are separated by a lateral interface (constituting a region of 
inhomogeneity of Ihe two-dimensional gas) 14 therebetween. Generally, several 
techniques can be used to locally alter electron gas mobility for purposes of 
creating the inhomogeneous two-dimensional gas with laterally varying mobility. 
Examples of the techniques include, but are not limited to, electron beam 
10 irradiation, ion beam irradiation and implantation, local shaUow etching (by wet 
etching, plasma etching or focused ion beam etching ), local deposition or any 
combination thereof (see, for example, VLSI Handbook; Thin Fihn Processes U). 

In Fig. 19 the difiusive region 13a is confined by barriers 195 (two 
spaced-apart barriers shown in the figure as shaded elements) to form an injector 
15 tenninal of the structure. Barriers 195 can be formed in semiconductor structure 
by gates. Likewise, Ihe barriers can be provided by known per se lithography, 
etching, deposition implantation and any other suitable technique. 

In the diffuse-ballistic sparger structure 190, the current carriers passing 
through the diffiisive region 13a are directed by scattering centers 16 to propagate 
20 in different direction in the baUistic region 13b. An example of the trajectory of a 
multiply-scattered particle is shown as 194. Thus, the structure 190 is configured 
as a wide-range-angle sparger of nano-particles. 

The following is the theory of diffuse emission which describes the 
passage of current carriers in the two-dimensional diffiise-baUistic structure 190. 
25 It should be understood that for the sake of clarity in the theoretical description 
presented below it is assumed that the density of the gas is the same in the 
difi&jsive and baUistic regions. However, this condition is optional, and does not 
limit the scope of the invention. For considering the kinetics of the diffuse 
emission (Mihie problem) in the two-dimensional electron gas, the well 
30 established approach of the description of electrons by the kinetic equation was 
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used. A distribution function n^(x) determining a stationary flow of electrons 
(current) satisfies the following equation; 

dp dr dr dp 
The electron flow is forced by the electric field, de^irydr = eV<D(r). In the linear 

5 response approximation one keeps terms linear in V4)(r) and Sn^ir) only: 

^^dSn^_^^^^^^^^ M = st{5«>. (9) 
dr OS 
where <?Wp(r) = «p(r)-M° and n° is the Fermi-Dirac equilibrium distribution. 

The distribution function can be shifted by a local value of the potential <l>(r) 
introdijcing a function f(r,q)) 

dn(r) = ^emr)-fir,q>)l (10) 

^ OS 

where the angle <p determines the direction of the momentum p . In terms of the 
function /(r, q>) , Eq. (9) acquires the form: 



10 



^I^^ = St{/}. (11) 
dr 

The function f{r,q>) determines the current as follows: 



15 j(r) = 2eV2o<Vf i<p)f(r, <p))^ , (12) 

where is the density of states per one spin species, v^^ = m'llTv. In the 
diffusive region, the collision temi is controlled by the elastic relaxation time , 
and the kinetic equation acquires the form: 

/(r.y)-(/(r,(P))^ ^^3^ 



el 



In Fig. 19 the x-axis is directed perpendicularly to the interface 14 which 
separates the diffusive region 13a (x < 0 ) and the ballistic region 13b (x > 0 ); -x 
25 directs inwards the diffusive region. . 

With elastic mean firee path / = v^r,, used as a unit of length, the kinetic 
equation can be rewritten in temis of the dimensionless variables ^ = xll\ 
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-cos^^/(^.<p)+/(^.^) = </(r,^))^ . (14) 
Here, the sign "-" in the first term containing d/d^ a5>pears because <p is chosen 
as an angle formed by a momentum with the direction -x (-i directs inwards 
the dififtisive region). 

5 In the current carrying state electrons deep inside the diffusive region are 

distributed according to the Drude-form distribution. Correspondingly, at a 
distance (counted fi:om the interface) exceeding a few mean free paths / , Eq. (14) 
has a solution: 

Ui<^,<p) = -J^-\^^<P + 0- (15) 

10 

Here, the factors are fixed in such a way that the current J (^) defmed as 

J(0 = -2^(cos<p/(^,9'))^ (16) 
is equal to J for the distribution function /^.(C,^) • With the use of Eq. (12) the 

physical current j = = -2e\uVp {cos <pfi^,<p))^ can be related to the current J 

1 5 defined in Eq. (16) as follows: 

J = p^ie'/2^)J. (17) 

The relation between the current J and the electric field, £ = -Va>, is 
givrai by: 

20 j = crE-D^:7ieSp^^\ (18) 

where the conductivity is <7 = 2eV2c(/V2r), while the dififiision coefiScient of 

charge density, corresponds to the Einstein relation, D^, = {dfjldn)de^ . For a 
very wide class of geometries of the systems described here, the boundary 
condition which should be imposed on the incoming part of the fimction fix = 0) 
25 takes the form 

A.(^ = 0) = «*(+«>)• (1^) 

Together with the current distribution deep in the difiiisive region, the above 
relation constitutes the full set of the boundary conditions needed for the solution 
30 of the kinetic equation (13). The condition <l)(+oo) = 0 is chosen and 
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correspondingly 0) = ^ ^ iis^d as the boundary condition for the ftinction 

/ (r, g?) at the lateral interface between the diflRisive and baUistic regions. 

Angle g> for each of the two regions, diffusive < 0) and ballistic > 0), 
is chosen as an angle formed by a momentum of an electron with a normal to the 

5 interface directed inwards the corresponding region. Correspondingly, for 
ju = cos q> the convention is adopted that for electrons propagating away from the 
interface ju>0 (denoted while //<0 (denoted -//) corresponds to 

electrons propagating towards the interface. 

The general solution of Eq. (14) above can be written as a sum of the 

10 Drude-form distribution function (see Eq. (15)) and giC^M) which originates 
from the currCTLtless "counterflow" i.e., fiC>M) = fDr(<C^M)'^siCyM) - At a 
distance about few mean free path /, the counterflow gi^.ju) approaches an 
isotropic distribution (generally, a nonzero constant). For currentless coxmterflow, 
particles injected into the diffusive region eventually return back to the interface. 

15 Hence the distribution function of particles emitted by the diffusive region, 
gi-ju) ? should be determined completely by the distribution ftinction of the 
injected particles, g^(+//) . Due to the linear nature of Eq. (14), the g(±//) parts of 
the distribution function are related linearly by the angular Green's function 

20 giC-Ju) = -[ dn'Siju,M)giC,-^My (20) 

JU ^ 

Here dO! stands for the angular integration in d dimensions, while the subscript 
+ in the integral indicates that the integration is limited to the directions for 
which//' > 0 . Wi1h the use of Eq. (20), the density PgiC) can be re-expressed 
corresponding to g((^, ju) through the incoming part of the distribution only: 

25 PgiO ^Idn Hiji)giC.+ju) (21) 

where 

Hiju)-\l'^{dn'^^^\ (22) 
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The Green's function S(ji,ju') satisfies a non-linear integral equation: 

S(//,//')fi+-l = ^H(ji)H(ji'X (23) 
where 5^ is a total solid angle in d -dimensions. 
The Green's function S(jx,fi) should satisfy the condition 

5 fi=ld€iS(ji,M)> (24) 

that is a consequence of the conservation of particles. 

The configuration of the structure of Fig. 19 is such that the distribution 
function in the ballistic region does not contain a component describing particles 
propagating towards the interfece 14, i.e., fiO,+M) = 0- Therefore, in Ihe solution 

10 AC,M) = fDr(.'^>M)+gDr(.C,M) , fDr(0,+M) ^ ^6 counterbalanccd by a 

proper choice of gDr(.'^,+M) = -fDr(0,+M)- Then, the emission outside tiie 
diffusive region consists of the two contributions: /c;.(0,-//) from the Drude 
distiibution fimction and gor(0.-/') which originates fi^om the compensating 
counterflow.As gi>^(0,+/z) is known, the latter contribution can be found with the 

15 help of Eq. (20). In result, the emission in the Milne problem is given by the 
expression 

^(0,-//) = ./-^L"+-U^^>''5(y",/^')], (25) 
which can be simplified, and finally the angular distribution of the particles 
emitted from interface into the clean region is given by 

20 fuiO-f^)-J^H(ji). (26) 

In the considered case there are no reflection at the interfece and therefore 
the solution /^(O,-//) determines the angular distribution of the particles emitted 
into the ballistic region, i.e., f{0) = (0, -//) . 

In the structure configuration of Fig. 19, the current is sent to a distance 
25 larger than the width W of the diffiisive region 13a. Under this condition, the 
orifice of the region acts as a source of a current with an angular distribution 
fiO). The number of electrons moving in a direction 6 per unit time (i.e. the. 
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angular flux) is equal to I{&)dede , where the intensity liO) is related to fiff) as 
j = -d-p f(0)cos0W . The factor cos ^ FT appears because the flux of the 

(2/r) 

particles outgoing from the orifice at an angle 0 is considered. 

The result (26) coincides with the one presented in textbook P. M. Morse 
5 and H. Feshbach, Methods of Theoretical Physics for the case d = 3. 

Fig. 20 presents the ftmction fij9) = -^H(cos0)^ curve 201, found for 

the first time for a particular case of interest d = 2 together with the angular 
dependence of the Drude distribution function, curve 202, both normalized to 
J = l. As compared to the Drude distribution fvmction, the diffiise emission 

10 distribution in the Milne problem has qualitatively diflferra.t behavior at large 
angles. By making one of the two regions connected by the lateral interface to be 
diffusive, a flat angular distribution of particles emitted from the diffusive region 
into the "clean" one can be achieved. Namely, the distribution flattens and a 
considerable part of the distribution is transferred to the large angles. 

15 Thus the present invention provides for using the diffuse emission as a 

general method of realizing the wide-range-angle sparger for carriers 
(electron/holes) in nano-scale electronics. A current passing through a diffusive 
region opens into the ballistic region. The angular distribution of emitted particles 
(carriers) is broad, and the particles can be collected at different angles. 

20 According to the present invention, this may be used in signal splitters for the 
purpose of replicating a signal to multiple channels. To this end, the current 
carriers are emitted in a wide-angular range of directions in the ballistic region, 
with the subsequent angle resolved collecting of the carriers at the terminals of 
said multiple channels. The collector terminals of the channels should be 

25 appropriately distributed at different angles around the current source (in the 
configuration of the sparger structiire 190 the diffusive region 13a acts as an 
injector terminal) so as to collect the fluxes of the carriers at desired angles. The 
device of the present invention is thus operable as a wide-range angle sparger 
spreading nano-particles in different directions. 
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In addition, in certain cases, for example for the purposes of spin 
manipulations, tiie most sensitive to the extemal control are the currait carriers 
which propagate almost parallel to a lateral interface between two regions of the 
two-dimensional electron gas. In this case, the sparger device of the present 
5 invention is to be configured to deliver a significant portion of the carriers almost 
parallel to the lateral interface. 

Fig. 21 shows an example of a device 210 of the present invaition 
exploiting the wide-range angle of spreading in dlEFerent directions of nano- 
particles in a difiuse-ballistic stiiicture of Fig. 19. The device 210 is configured to 
10 act as a signal spUtter (signal replicator) which splits an input signal (current) into 
multiple channels (associated with multiple terminals), generally at 211, defined 
by an array of barriers 212. It should be noted tiiat the configuration of the 
channels (terminals) 211 in this example is given for the illustration purposes and 
does not limit the invention to a number of such channels and/or their angular 
15 distribution, which depend in a specific appUcation of the device aimed at 
collecting the carriers at desired locations. The signal spUtter device 210 includes 
a semiconductor structure containing a two-dimensional gas 11 configured to 
create a difiRisive region 13a and a ballistic region 13b in two-dimensional gas; 
barriers 195 associated with region 13a which define an injector terminal in 
20 region 13a; and an array of barriers 212 (e.g., circular array) defining collecting 
terminals 211, configured for collecting particles within the ballistic region 13b in 
the broad interval of angles. An example of trajectory of a particle is shown 
generally at 194. Each of the collecting terminals 211 is configured to operate as 
an independent channel to allow fiirfher processing of the signal. Barriers 195 and 
25 212 (shown in the figure as shaded elements) can be formed in the semiconductor 
structure by gates. Likewise, the barriers can be provided by known per se 
lithography, etching, dqposition implantation and any other suitable technique. 

As indicated above, the ballistic region may and may not be spin-orbit. 
The following is the generalization of the solution of the Mikie problem to the 
30 case of the spin-dependent reflection at the interfece. The influence of the strong 
reflection at the angles tangential to the interfece on the distribution of the emitted 
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electrons is considered in the case when the ballistic region may be spin-orbit 
The inventors have shown that the ejBfect of flattening of the angular distribution 
is tiie robust property of the solution of the Milne problem which becomes even 
stronger in the presence of such reflection. 
5 In order to calculate the diffiise emission in the presence of the spin-orbit 

interaction at the ballistic side of the junction, as compared to the consideration in 
the description above (relating to no spin-orbit interaction in the ballistic region of 
the gas), the dependence of scattering at the iuterface on the direction of spin of 
the incoming electron is to be taken into account. On the other hand, electrons 
10 after a sequence of random scattering in the diJBEusive region retum to the 
interface preserving ttieir spin, as the inq)uri1y scattering of electrons in the 
dififiisive region is assumed to be spin-independent 

In the case of the spin dependent scattering at the lateral interface, two 
functions should be introduced describing the distribution functions of 
15 electrons of the 'V and "-" chiraUty, respectively. In the difiusive region, each 
component of the spin density matrix satisfies the kinetic equation (14) because in 
the normal (ballistic) region the Hamiltonian is spm-independent Consequently, 
the same angular Green's function S(ji,ju') as in Eq. (20) can be applied. 

The equation determining the functions /* has the form analogous to Eq. 
20 (25) describing the process of the counterflow at the interfece. Here, however, 
because of the reflection at the N-SO mterfece, the relation (25) should be 
replaced by the selfconsistent equations. In the case of the function f* the 
selfconsistaot equation can be written in the form: 

f:i-M} = J-^H(M)+ (27) 

This equation has a structure similar to that of Eq. (25), but due to the reflection at 
the interface the counterflow depends on the distribution of the incident particles. 
As a result, the ri^t hand side of the equation depends selfconsistently on the 
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function distribution • In Eq. (27) liie integrals are limited by the angle for 

total internal reflection q> Here, one uses the fact that for a smooth interface, the 
particles of the "+" chiral state when incident on the interface are reflected totally 
if the angle of incidence (p exceeds ^ In addition, it has been taken into 

5 consideration that no change of the chirality occurs as a result of the reflection at 
the interface, and that the particles with (p«p" are not reflected. It should be 
noted that these assumptions being rather reaUstic are taken for the purposes of 
the illustration only, and by no means limit the subject of the invention. 

In the same way, the distribution of particles in the chiral state is 

1 0 given by the following equation: 

/;.-(-//) = ^;^i^(/^)+ (28) 

In the following, the resiilts of numerical analysis for the distribution functions 
15 fli-fJ) will be used. 

Ultimately, the distributions on the SO side of the interface is to be 
determined. To this end, the calculated distributions are to be connected to the 
distributions on the SO side . It foUows straightforwardly from the LiouviUe's 
theorem that 

20 /^(^,+;".) = /^(^->"^). (29) 

where and -n^ are two directions connected by the Snell's law. 

In the description below, the notations j%{9) and /*(<0) will be used 
instead of Jt}(s,+fig) and Jtie-M^); it should be noted that we return to the 
25 definition of angles <p and ^ as it is given in Fig. 3. 

In Fig. 22 the result for f^(d) is shown by a curve 221 and for /^((9) 
by a curve 222. The fimction f^iff) of the and "-" polarization 

components of the transmitted electrons for a = 0.1 are shown as compared with 
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the solution without reflection, a = 0 (dashed line in Fig. 22), i.e., the solution of 
the diffiise emission problem in two-dimensions given in Fig. 20 by the curve 
201. The distribution of particles of the "+ " chirality emitted from the diffusive 
region into the clean one is flat even in the presence of tbe spin-dependent 
reflection at the interi^u^e. 

It has heea verified that the specific property of the solution of the Milne 
problem (the flattening of the angular distribution of the emitted electrons) is the 
robust property of the dif&ise emission which holds despite the presence of a 
spin-dependent reflection at the interface. Moreover, as it is demonstrated in Fig. 
22, at large angles the distribution function of electrons of the + chirality /^((9) 
is noticeably increased. As mdicated above, there exists an interval of the 
outgoing angles, 0'<0<7!f2, where only the "+" spin chiral component can 
penetrate (the angle ^% 52, is the maximal angle of refraction of the electrons of 
"-" chirality). Together with the existence of a large portion of electrons emitted 
at small angles to the interface, it means that the diffuse emission can be used for 
the purposes of spintronics. 

Reference is made to F^. 23 showing schematically a spintronic device 
230 of the present invention for producing the spin polari2ation current of spin 
carriers. The device 230 includes a semiconductor structure configured to create a 
normal (with a reduced spin-orbit term) diffusive (relatively low gas mobiUty) 
region N(D) 233a, and a ballistic (relatively high mobility) spin-orbit region 
SO(B) 233b. Unpolarized particles are provided by an injector 231 defined by 
barriers 72. A collector 232 is defined by two additional barriers 72 (or gates). 
The collector is configured such as to collect only carriers with a proper spin- 
polarization. Hence, for the carriers emitted from the diflRisive region 233a, after 
passing across a lateral interface zone 234 between regions 233a and 233b only 
carriers with the proper spin-polarization can reach the collector 232 (in the figure 
the proper spin polarization is indicated as "+")• ^ spintronic device 230, the 
scattering centers 16 (are shown by dots) in the region 233a direct the spin 
carriers to the interface at a wide range of angles, as this region is difiusive. The 
device 230 operates as a spin filter for a current sent by the injector 231. Only the 
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particles that have a proper spin polarization can reach collector 232, thereby 
providing the spin filtered current in the collector 232. The spin filter device 230 
is a modification of its ballistic analogue presented in the above-described Fig. 8. 
By making the N-region (23a in Fig. 8) to be dijffusive, a requirement to injector 
5 to send particles in the preferable range of angles can be relaxed. 

Fig. 24 illustrates yet another example of a spintronic device 240 for 
producing the spin polarization current of spin carriers. The device 240 utilizes, 
for the purposes of spintronics, liie principle of the difRise-ballistic sparger 
illustrated in Figs. 19 and 21 where the gas in the ballistic region has relatively 
10 high spin-orbit coupling constant (SO region). In the device 240 the effect of the 
diffuse emission providing a flux of the current carriers scattered at wide interval 
of angles is e3q>loited to obtain the spin polarized currents of the oppositely 
directed spins. The geometry of the setup is such that each collector 241a 
(defined by barriers 195a and 243) and collector 241b (defined by barriers 195b 
15 and 242) gets spin carrying currrait carriers emitted into the corresponding 
angular interval 56 . When 50<7i/2-0\ only particles of the "+" chirality can 
get into the collectors 241a and 241b. As a result, the collectors 241a and 241b 
get the spin polarized currents with the oppositely directed spins. 

Assuming the angular distribution of the emitted electrons to be practically 
20 flat, the spin-polarized current that can be collected by each of the collectors is 
« J 50^/^ . As explained above, the width of the angular interval se = 7ifl-0' can. 
be as much as 24& . At this point the firaction of spin-polarized current reaches its 
optimal value » jail. All collected electrons have the same chirality that results 
in a very high level of spin polarization of the current in the collectors. A 
25 deviation firom the perfect level of spm-polarization is only due to a small spread 
of the direction of motion of electrons within an angular interval 69 . 

In the experiments by Sato et al (Y. Sato, T. Kita, S. Gozu, and S.Yamada, 
Journal of Applied Physics, Vol. 89, P. 8017, 2001) a large spontaneous spin 
splitting has been detected in a gate controlled electron gas formed at an 
30 hio.75Gao^ As/hio„Alo^As heterojunction. The reported spUtting corresponds 
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to « w 0.1. For such values of a one may expect a rather large angular interval 
se that can be used for spin filtration; <5i^«36*. Under these conditions, the 
device of Fig. 24 operates as follows: a fraction up to 5% of the total current is 
collected in terminal 241a and is (almost) fiilly spin-polarized along the direction 
5 jc, while the otiier fraction of S% is collected in temainal 241b and is spin- 
polarized along the direction -x . After filtration, the spin-polarized current can 
be manipulated similarly to the polarized light in optical devices. In particular, the 
spin filter can be linked to the switch of the spin-polarized current 

Those skilled in the art to which the present invention pertains, can 
10 appreciate that while the present invention has been described in terms of 
preferred embodiments, the concept upon which this disclosure is based may 
readily be utilized as a basis for the designing of other structures, systems and 
processes for carrying out the several purposes of the present invention. 

Although the examples presented above utilize the spin dependent 
15 reflection, reflection and diffraction, a person versed in the art can appreciate 
that other examples of the spin manipulation utilizing, inter alia, spin 
dependent interference (e.g., quarter wave stripes, Fabry-Perot interferometer, 
etc) can also be implemented. 

Although the examples of the utilization of the current carriers' 
20 manipulator device of the present invention are shown as independent modules 
(such as spin polarizer, filter, guide, storage, switch, spin detector, spin lenses and 
spin zone plate), the spintronic device of the invention can also be used as a 
component of a spintronic circmt 

Also, it is to be understood that the phraseology and terminology 
25 employed herein are for the purpose of description and should not be regarded as 
limiting. 

It is important, therefore, that the scope of the invention is not construed as 
being limited by the illustrative embodiments set forth herein. Other variations 
are possible within the scope of the present invention as defined in the appended 
30 claims and their equivalents. 



